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Abstract
Ultra-low emittance beams with a high bunch charge are necessary for the luminosity
performance of linear electron-positron colliders, such as the Compact Linear Collider
(CLIC). An effective way to create ultra-low emittance beams with a high bunch charge
is to use damping rings, or storage rings equipped with strong damping wiggler magnets.
The remanent field of the permanent magnet materials and the ohmic losses in normal
conductors limit the economically achievable pole field in accelerator magnets operated
at around room temperature to below the magnetic saturation induction, which is 2.15T
for iron. In wiggler magnets, the pole field in the center of the gap is reduced further like
the hyperbolic cosine of the ratio of the gap size and the period length multiplied by π.
Moreover, damping wiggler magnets require relatively large gaps because they have to ac-
cept the un-damped beam and to generate, at a small period length, a large magnetic flux
density amplitude to effectively damp the beam emittance. These requirements and the
described physical properties and laws make designing, building and operating damping
wigglers difficult. Only low-temperature superconducting wiggler magnets wound with
Nb-Ti or Nb3Sn strands can economically provide the required magnetic flux density.
So far, all superconducting wiggler magnets have been wound by using Nb-Ti strands,
and the wiggler magnets have been immersed in liquid helium boiling at an atmospheric
pressure at 4.2K. In damping rings, superconducting wiggler magnets are operated in
series of up to 26 magnets. This method results in a larger heat load compared to that of
the standard application in light sources. Therefore, in this thesis, a full heat load study
is presented, and an advanced indirect cooling scheme for wiggler magnets is proposed in
order to reduce the gap size and the complexity of the cryogenic system. The essential
elements of the design are that the beam-pipe and coils are in a vacuum, they have
minimum thermal contact, and they are separately cooled.
To reach larger magnetic flux densities and to increase the reliability of the damping
wiggler magnets, the use of Nb3Sn wiggler magnets is proposed. In the proposed Nb3Sn
wiggler magnets, the minimum quench energy at the operating current is more than one
magnitude larger than that of the Nb-Ti counterpart. The deposition of a minimum
quench energy establishes a propagating normal-conducting zone in the superconducting
filaments, in which the temperature is above the critical temperature. Superconductors
exposed to a steady field, current, and strain pass over to their normal conducting state
if their operating temperature is above their critical temperature.
In this thesis, a method for the construction and operation of Nb-Ti and Nb3Sn super-
conducting damping wiggler magnets for ultra-low beam emittance rings is presented. A
design optimization is performed to find the optimal parameters of the superconducting
wiggler magnets. Manufacturing methods for two different design concepts for advanced
superconducting wiggler magnets wound by using Nb-Ti and Nb3Sn strands are devel-
oped. Trial coils and short-model magnets were built and tested. It was found that
Nb-Ti and Nb3Sn superconducting damping wiggler magnets could be manufactured and
operated in ultra-low emittance rings.
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1. Introduction
By using linear electron-positron colliders, such as the Compact Linear Collider (CLIC)
[1], fundamental physics data complementary to the Large Hadron Collider (LHC) and
lower-energy circular electron-positron colliders may be obtained. For the luminosity
performance of linear electron-positron colliders, ultra-low emittance beams with a high
bunch charge are necessary. An effective way to create ultra-low emittance beams with
a high bunch charge is the use of damping rings, in which the equilibrium emittance is
determined by three main factors:
• Damping via photon emission occurs if a relativistic electron or positron with a
momentum ~p1 traveling through a magnetic field B is accelerated and emits syn-
chrotron radiation. The resulting momentum loss ∆~pγ is replaced by re-accelerating
the electron or positron after each turn with a radio frequency (RF) ∆~pRF. The
momentum before the emission of synchrotron radiation ~p0 has the same absolute
value as the momentum ~p1 after re-acceleration. However, as evident in Fig. 1.1, the
electron’s or positron’s perpendicular component of the momentum p⊥ is reduced.
This reduction gives the overall beam a smaller emittance. The equilibrium emit-
tance at low currents is called zero-current emittance, which is balanced by damping
and excitation effects.
• Intrabeam scattering is a small angle multiple Coulomb scattering effect, which
occurs at small emittance and high-bunch charges and results in a larger equilibrium
emittance.
In order to enhance the emission of photons, strong wiggler magnets (insertion devices)
are introduced into beam-emittance damping rings. In this thesis, a technical method
for designing and using superconducting damping wiggler magnets operated at cryogenic
temperatures is presented and conceptually verified with short model magnets. In the
following, the requirements for ultra-low beam-emittance rings are presented to derive
the magnetic design parameters for the wiggler magnets. Further, the need for cryogenic
insertion devices is explained, and possible other uses of cryogenic insertion devices are
discussed. The status of cryogenic insertion device development is presented, and the
objectives of this thesis are stated.
p⊥
p‖
~p0
~p1
∆~pRF
∆~pγ
Figure 1.1.: Principle of damping.
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Figure 1.2.: CLIC damping rings after [3].
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Figure 1.3.: CLIC layout for 3TeV center of mass collision energy [1].
1.1. Ultra-low beam-emittance rings
To achieve the required luminosity at the collision point of CLIC, the normalized horizon-
tal emittance including the effect of intrabeam scattering has to be less than 500 nm rad
before entering the linear collider. Moreover, the normalized vertical zero-current emit-
tance is assumed to be 4 nm rad, and the normalized longitudinal zero-current emittance
is assumed to be 6000 eVm [2]. For the reduction of the emittance damping rings are used
(Figure 1.2). Both the electron and the positron beams first enter the pre-damping rings
and then the main damping rings. Figure 1.3 presents the overall CLIC layout.
Both the bending magnets and wiggler magnets contribute to the damping times and
the emittances. A detailed general mathematical analysis of the emittances and the
damping times can be found in [4], and the concept and list of the parameters for the
CLIC damping rings can be found in [5, 2]. In this introduction, the basic concept for the
CLIC damping rings is reviewed, and the need for superconducting wiggler magnets is
explained. Figure 1.4 compares the emittances of the existing and planned storage rings
with those of the CLIC damping rings.
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Figure 1.4.: Comparison of vertical versus horizontal emittances of different storage rings
below 5GeV with the CLIC damping rings [6].
In the following, the integral quantities for the calculation of the equilibrium emittance
and the damping time are discussed. The equilibrium emittance in a storage ring is
described by the integral quantities I1 to I5 [7].
The second integral is
I2 =
∫
C
1
ρ2
ds, (1.1)
where ρ is the radius of curvature of the design orbit along the closed ring C . Both the
bending magnets and wiggler magnets contribute to the integral I2. The ratio of the
contributions is Fw = I2w/I2a, where I2w is the contribution of the wigglers, and I2a the
contributions of the arcs. In a wiggler-dominated storage ring, Fw > 1. I2a ∝ |Ba/γ| (Ba
is the magnetic flux density in the bending magnets, γ is the relativistic factor) and
I2w ∝ LwB
2
w
γ2
, (1.2)
where Lw is the active length of the installed wigglers, and Bw is the amplitude of the
wiggler magnetic flux density.
For the operation of CLIC, both the final minimum emittance and the damping time
are important. The damping time τ is
τ ∝ C
γ2 (1 + Fw) |Ba| , (1.3)
where C is the circumference of the machine.
The active wiggler length Lw is
Lw ∝ Cγ
2
B2w
Fw
1 + Fw
. (1.4)
The emittance can be calculated with the help of the 4th integral [7]:
I4 =
∫
C
(1− 2n)η
ρ3
ds, (1.5)
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Right: Parameters of wiggler magnets.
where η is the dispersion function, and n is the field index, with 1 > n > 0 [8]. The
horizontal partition Jx for the complete ring can be calculated by
Jx =
(
1− I4
I2
)
=
Jx0 + Fw
1 + Fw
. (1.6)
The contribution from the arcs only is given by Jx0.
The normalized horizontal zero-current emittance γǫx0 is determined by the normalized
zero-current emittance γǫa0 generated in the arc sections and the normalized zero-current
emittance γǫw0 generated by the wiggler magnets:
γǫx0 = γǫa0
Jx0
Jx0 + Fw
+ γǫw0
Fw
Jx0 + Fw
. (1.7)
The normalized emittances γǫa0 and γǫw0 can be calculated by
γǫ0 ∝ γ
3
Jx
I5
I2
, (1.8)
with the fifth integral representing the quantum excitation:
I5 =
∫
C
H
|ρ3|ds. (1.9)
The H-function H = γ(z)η(z)2 + 2α(z)η(z)η′(z) + β(z)η′2(z) depends on the Twiss pa-
rameters α, β, and γ and the dispersion η [9]. Figure 1.5 presents two different concepts
of wiggler magnets, which will be discussed later in detail. For a wiggler with a sinu-
soidal dipole magnetic flux density By = Bw sin
2pi
λw
z (λw is the period length) placed in
a dispersion-free section [9] with λw ≪ βx [10], and 2piλw
Bρ
Bw
≫ 1 (Bρ is the beam rigidity)
[11],
γǫw0 ∝
∣∣B3w∣∣λ2w. (1.10)
From Equations (1.3) to (1.10), the following conclusions can be drawn: In order to
make the wiggler section as short as possible, Bw has to be high (see Equation (1.4)).
Also, the damping time τ is shorter the higher Bw is (see Equation (1.3)). The damping
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Figure 1.6.: Vertical and horizontal emittance versus
energy [12].
time τ determines the pulse rate of the linear collider. Therefore, a shorter damping time
may yield a larger integrated luminosity. However, a high wiggler magnetic flux density
Bw produces low emittances only when the product of |B3w| and λ2w is small (see Equation
(1.10)). Therefore, the ideal damping ring has wigglers with a high magnetic flux density
Bw at a short period length λw.
The effective emittance in the ring will be larger than the zero-current emittance cal-
culated by Equation (1.7) because of the effect of intrabeam scattering, which is a small
angle multiple Coulomb scattering effect [12]. The final normalized emittance of the beam
γǫu, with u = x, y, z is given by
γǫu = γǫu0 + γǫu,IBS. (1.11)
The normalized emittance growth from intrabeam scattering is proportional to the
brightness of the beam; that is,
γǫu,IBS ∝ N
Q
ǫb1x ǫ
b2
y ǫ
b3
z
, (1.12)
where N is the number of particles per bunch, and {Q, b1, b2, b3} is a set of positive
real numbers. The effect of intrabeam scattering in the existing rings is small. In the
first design studies [5] of the CLIC damping rings, the magnitude of the final emittance
was dominated by intrabeam scattering. Therefore, in [12], the damping rings were re-
optimized such that γǫx/γǫx0 ≤ 1.9.
Moreover, the equilibrium emittance is energy-dependent. Figure 1.6 shows the calcu-
lated emittance when all the previously mentioned effects for beam energies between 2
and 4GeV are taken into account. The emittances have a broad minimum between 2 and
3GeV.
In the baseline design of CLIC, the electron beam is polarized and the positron beam
unpolarized [13]. Polarization of the electron beam is required for spin-dependent mea-
surements at the collision point. The preferred spin tune should be in between two integer
depolarizing resonances [14]: (
g∗ − 2
2
)
γ = n+
1
2
, (1.13)
where
(
g∗−2
2
)
is the gyro-magnetic anomaly, and n is an integer. According to Equation
(1.13), the beam energy has to be n + 1
2
times me/
(
g∗−2
2
)
= (0.510998910 ±
0.000000013)MeV/ ((1159.65218073± 0.00000028)× 10−6) ≈ 440.6MeV (n is an inte-
ger) [15]. From Figure 1.6, n = 6, was chosen, leading to an energy of 2.86GeV. A more
detailed analysis can be found in [12].
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Figure 1.7.: Left: Equilibrium normalized horizontal emittance γǫx. Right: The effect of
IBS (γǫx/γǫx,0) [16].
In the next step, Bw and λw for the damping wigglers have to be specified. To calculate
the equilibrium emittance in the damping rings, the equilibrium normalized vertical zero-
current emittance is assumed to be 4 nm rad, and the equilibrium normalized longitudinal
zero-current emittance is assumed to be 6000 eVm. The total wiggler length in one ring
is 104m. Figure 1.7 shows the equilibrium normalized horizontal emittance (left) and the
effect of intrabeam scattering (right). The black line marks the area where the horizontal,
vertical, and longitudinal emittance requirements of CLIC are met and the operating
limits of superconducting wiggler magnets are shown.
The maximum achievable flux density strength Bw with various wiggler types as a
function of the gap to period length ratio g/λw and the pole field Bp is
Bw =
Bp
cosh
(
π g
λw
) . (1.14)
This result immediately influences the technical layout of the wiggler magnets. Hybrid-
permanent wiggler magnets are not able to reach the required large magnetic flux densities.
A theoretical upper limit of hybrid-permanent wiggler magnets is the magnetic saturation
induction of iron (B = 2.15T), which can be considered as the theoretical upper limit for
the pole field of hybrid-permanent magnet wigglers. Superconducting wigglers are able
to achieve pole fields considerably higher than the magnetic saturation induction of iron.
The above discussion shows that the development of short-period superconducting wiggler
magnets with a high magnetic flux density strength Bw and small gap g is required.
To accept the incoming beam at the relatively small aperture of the 13 mm beam stay-
clear in the damping rings, the normalized horizontal and vertical emittances have to be
pre-damped from 100µmrad for electrons and 9.7×103 µmrad for positrons to 54µmrad
and 1.5µmrad, respectively in the pre-damping rings [17]. To intercept the beam heat
load from the superconducting wiggler, 2.5mm space, for the beam-pipe and insulation
vacuum, on each side has to be foreseen. The result is a magnetic gap of 18mm.
Figure 1.7 (left) shows that only wigglers with a period length λw of less than 80mm
and with a magnetic flux density amplitude Bw larger 2.2-2.5T fulfill the requirements
of the CLIC damping rings. For period lengths λw of 50 to 80mm and magnetic flux
densities Bw of 2.8-4.5 ,T the effect of intrabeam scattering (Figure 1.7 (right)) can be
minimized. The parameters of the two CLIC damping wiggler prototypes are presented
in Table 1.1. Each of the 104 superconducting wiggler magnets will have 34 periods.
Twenty-six wigglers will be installed in each of the straight sections of the two damping
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Table 1.1.: Parameters of wiggler magnet prototypes.
Nb-Ti HR Nb3Sn VR
Maximum Performance
Bw 3.6T 5.5T
λw 56mm 56mm
max stored E 80 kJ 700 kJ
Ic at Bw 740A 1250A
Bs at Bw 6.3T 9.9T
Operating Parameters
Bdw 3.0T 4.0T
T dc 5.1K 11.9K
Id 630A 855A
Bds 5.4T 6.7T
oper. T 4.2K 4.2K
gap 18mm 18mm
Strand (Table 4.1) Bochvar Institute OST RRP
Alignment
Vacuum vessel: 290K
Thermal shield: 80K
Beam-pipe: 20K
Magnet: 4.3K
Heat exchanger
G-10 compressive post
Metal foils
LHe
GHe
Figure 1.8.: Conceptual design of cryostat. The different colors represent the different
temperature levels.
rings. In the prototype phase, the wiggler magnets will be tested in the ANKA storage
ring [18] and will be also used as a light source. Therefore, the shortest period length λw
to achieve Bw = 3T was chosen to satisfy also the requirements of the beam line.
In the proposed operating scheme (Figure 1.2), 26 superconducting wiggler magnets
are operated in series for the first time, yielding a higher heat load on the beam-pipe
of the magnets. Therefore, an advanced indirect cooling concept will be proposed in
this thesis. The principle of the cryostat’s layout is shown in Figure 1.8. The essential
aspects of the design are that the beam-pipe and coils have minimum thermal contact
and are separately cooled, so if the beam-pipe receives a heat load from the beam, the
coils are not affected. The beam-pipe is cooled by gaseous helium. This method results in
temperature levels between 20K and 80K and enables the effect on the ultra-high vacuum
(≪ 10−7 Pa [19]) with different surface coatings to be studied. The coils are cooled by a
flow of liquid helium at atmospheric pressure, flowing through the heat exchangers. This
cooling technique reduces significantly the amount of stored helium and the refrigeration
costs compared to those of the standard bath cooling concepts as summarized in [20].
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1.2. Superconducting insertion devices in synchrotron
light sources
Synchrotron radiation was discovered in 1945 in a General Electric synchrotron accelerator
[21]. Since then, it has become the source of white light with high spectral brightness far
exceeding other sources with a continuous spectrum from the infrared to hard x-rays. In
[22, 23], an overview of the common applications for light sources and facilities is given.
The synchrotron radiation properties at a given wavelength are characterized by the
number of photons emitted per second per bandwidth per unit solid angle and unit area of
the sources with the usual standard: photons−1 s−1 mm−2 mrad−2 (0.1% bandwidth)−1.
We follow the recommendation of the Working Group on Synchrotron Radiation Nomen-
clature and call this property the spectral brightness [24].
At the critical wavelength,
λc ∝ 1
γ2B
, (1.15)
the spectrum starts to drop off exponentially [9]. Equation (1.15) shows that the syn-
chrotron radiation hardness can be increased by increasing the relative beam energy γ or
the magnetic field B. Increasing the beam energy is very costly because doing so requires
either stronger bending magnets to bend the beam with the rigidity Bρ ∝ γ or a larger
ring. Further, a stronger Radio Frequency (RF) facility and more cooling are required to
cope with the parasitic synchrotron radiation power P :
P ∝ γ
4
ρ2
, (1.16)
with ρ being the ring radius. A cheaper solution to generate hard x-rays photon beams
is the insertion of wiggler or undulator magnets with a large B.
Also, the spectral brightness for wigglers and undulators is much higher than that of
bending magnets because wigglers and undulators deflect the electron beam transversely
in an alternating fashion without introducing a net deflection on the beam as bending
magnets do. Therefore, the emitted photons can be superimposed to yield a higher spec-
tral brightness. The spectral brightness for a given wiggler magnet for given accelerator
parameters with variable deflection parameter K ≈ 0.934{Bw}T{λw}cm depends on the
Bessel function Jn(u) [25, 9]:
Fk(K) =
K2k2(
1 + 1
2
K2
)2
[
J k+1
2
(
kK2
4 + 2K2
)
− J k−1
2
(
kK2
4 + 2K2
)]2
, (1.17)
for k odd. This spectral brightness vanishes for k even, where k represents the k-th
harmonic of the emitted light wavelength:
λL =
λw
2kγ2
(
1 +
K2
2
)
. (1.18)
Figure 1.9 (left) shows Equation (1.17) for common k and K values. For large deflec-
tion parameters K, more harmonics with similar spectral brightness are generated with
very small spacing. Further, the mechanical errors of a real wiggler magnet breaks the
periodicity and yields an even more continuous spectrum. The spectral brightness for
different sources is shown in Figure 1.9 (right).
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photon energy calculated with Spectra [26] and spectral brightness function.
The following conclusions can be drawn from the above findings. A high-performing,
efficient undulator or wiggler for a light source would need to have a high field Bw to be
able to generate hard x-rays (Equation (1.15)) and a short period length λw (Figure 1.9
(right)) to operate the undulator or wiggler at its optimal spectral brightness. Thus, a
deflection value of K ≈ 1.2 and K ≈ 1.9 for the first and third harmonic is required.
These optima are sharp; that is, a wiggler with a high field but longer period length will
reduce the brightness according to Figure 1.9 (left). In this thesis, we call a magnet which
has a K ≤ 3 undulator and a magnet which has a K > 3 wiggler.
The above shows that the optimal design for damping wigglers differs from that for
insertion devices used in light sources. However, both types require a high wiggler field at
a short period length. Therefore, the development of the CLIC damping wigglers, which
is the subject of this thesis, is also highly relevant to the synchrotron radiation community
with around seventy accelerators worldwide [23].
1.3. Status of cryogenic insertion device development
The demand for light sources and the beam properties of new linear colliders is increasing.
As discussed in this introduction, this demand can be met only by using cryogenic insertion
devices. A brief but complete overview of the current use of cryogenic insertion devices
for light sources is given in [20, 27, 28, 29, 30].
We briefly summarize the on-going research activities including those involving undu-
lator magnets. Undulator magnets, usually with periods of less than 20mm, cannot be
used efficiently in damping rings because the gap has to be large to accept the un-damped
beam. Therefore, the magnetic flux density on the axis is negligibly small. For example,
in the CLIC damping rings, a beam aperture of 13mm is required. Therefore, for a period
length of less than 15mm and a magnetic gap of 18mm, the pole field Bp would have to
be 21.7 times larger than the amplitude of the mid-plane field (Equation (1.14)).
The interest in cryogenic permanent magnet undulators is increasing. These devices
are built by using NdFeB operated at its optimal temperature of 150K. They generate
around 35% more field than Sm2Co17 hybrid permanent in-vacuum undulator magnets at
room temperature. Cooling can be economically provided by using liquid nitrogen. At
the end of 2011, a total of five devices are expected to be in operation at several facilities.
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Superconducting undulators are also under study, for example, at ANKA [28] and the
Advanced Photon Source [29]. Superconducting undulators achieve a 30% higher Bw than
that achieved by cryogenic permanent magnet undulators at a given period length λw and
gap g, but require an expensive cooling system because the coils have to be cooled to
4.2K.
The development of superconducting wiggler magnets is dominated by the research pre-
sented in [20]. All superconducting wiggler magnets are wound by using Nb-Ti strands,
the wigglers are in helium tanks, and the coils cannot be exchanged. The use of super-
conducting damping wiggler magnets has not been investigated in the literature.
1.4. Objectives of this thesis
In this thesis, a method for the construction and operation of advanced superconducting
damping wiggler magnets for ultra-low beam emittance rings is presented, involving the
following three main achievements:
• A design optimization is performed for finding the optimal parameters of the super-
conducting wiggler magnets for an ultra-low beam emittance ring.
• Manufacturing methods for advanced superconducting vertical and horizontal race-
track wiggler magnets wound with Nb3Sn strands are developed. Two trial coils and
one short-model magnet are built and tested. These wiggler magnets can generate
up to 50% more magnetic flux density than wiggler magnets wound with the cur-
rent standard superconductor (Nb-Ti). Moreover, at the proposed operating point,
Nb3Sn wiggler magnets have double the critical temperature of wiggler magnets
wound with Nb-Ti superconductors.
• A technical concept for the installation of the wigglers in the ultra-low beam-
emittance ring is derived, involving the calculation of all known heat load sources.
An advanced cooling concept is proposed and conceptually derived. This cooling
concept allows a smaller gap to be obtained and therefore generates an additional
10% higher field. The technical concept will be tested at the ANKA storage ring in
Karlsruhe.
2. Fundamentals of superconducting
wiggler magnet design
This chapter starts with an analytical description of the magnetic flux density in the aper-
ture of a wiggler magnet derived from Maxwell’s equations. Next, the methods used in
finite-element programs to calculate the magnetic field in electro-magnets are described.
Finally, an overview of applied superconductivity and conductors is presented. This chap-
ter reviews the basic principles applied in this thesis. The main results are:
• In wiggler magnets, the pole field in the center of the gap is reduced like the hy-
perbolic cosine of the ratio of the gap size and the period length multiplied by
π.
• The magnetic flux density in wiggler magnets can be calculated with different cal-
culation methods for which (semi-)commercial software packages are available.
• Nb-Ti and Nb3Sn strands are available. The critical current can be predicted by
using the available empirical fits.
• A superconducting filament exposed to a magnetic field at a constant current and
strain becomes normal conducting if it is heated above its critical temperature,
which is referred to as the quench. The stability can be increased by decreasing
the diameter of the superconducting filaments, embedding them in a low-resistivity
matrix, and increasing the volumetric specific heat of the conductor.
2.1. Analytical calculation methods for insertion devices
The basic equations of magneto-statics are a subset of Maxwell’s equations:
divB = 0, (2.1)
curlH = J. (2.2)
The field intensity H is integrated along a line, evident from the physical unit [H] =
1Am−1, whereas the flux density B and the current density J are integrated over a
surface, [B] = 1Vsm−2 and [J] = 1Am−2.
In the evacuated wiggler’s aperture the current density is J = 0, the vacuum perme-
ability is µ0 = 4π × 10−7Hm−1, and B = µ0H. We define for the vector field curlH = 0
the total magnetic scalar potential ψ, [ψ] = 1A:
H = −gradψ (2.3)
because
curl gradψ = 0. (2.4)
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We insert Equation (2.3) into Gauss’s law for magnetism (Equation (2.1)):
divB = −divµ0gradψ = −µ0∇2ψ = 0, (2.5)
which yields the Laplace-Equation. We assume an infinitely long periodic wiggler with a
period length λw. Therefore, the potential can be described by summing over all separable
functions:
ψ(x, y, z) =
∞∑
n=1
XnYnZn. (2.6)
The flux can be expanded along the z-axis:
Zn = an cos (nk0z) + bn sin (nk0z) , (2.7)
where the fundamental wave number k0 =
2pi
λw
.
The Laplace-Equation (2.5) can be written as[
Yn∂
2Xn
∂x2
+ Xn∂
2Yn
∂y2
]
−XnYnn2k20 = 0. (2.8)
Further, we assume that the magnetic flux in the x-direction can be described by
∂Xn
∂x
=
dXn
dx
= 0. (2.9)
Equation (2.9) means the wiggler is infinitely wide.
Equation (2.8) simplifies to
d2Yn
dy2
= n2k20Yn, (2.10)
which has the general solution
Yn = cn sinh(nk0y) + dn cosh(nk0y). (2.11)
Because By(y) = By(−y), the cosh(nk0y)-component of Yn vanishes:
Yn = cn sinh(nk0y). (2.12)
Now, Equation (2.3) can be solved:
Bx = 0, (2.13)
By =
∞∑
n=1
(An cos(nk0z) + Bn sin(nk0z)) cosh(nk0y), (2.14)
Bz =
∞∑
n=1
(−An sin(nk0z) + Bn cos(nk0z)) sinh(nk0y). (2.15)
For a perfect wiggler, the flux density By has periodic boundary conditions. Therefore,
all skew harmonics An and even harmonics Bn vanish for perfect wigglers. The ratio of
the amplitude of the magnetic flux density Bn in the center of the gap at y = 0 and Bp,n
at the pole tip at y = g/2 is
Bn
Bp,n
=
1
coshnπ g
λw
. (2.16)
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Figure 2.1 shows Bn
Bp,n
for n = 1, 3, 5, 7. The plot shows that for larger gaps, the amplitude
of the magnetic flux density decreases rapidly and that, for shorter period lengths, this
decrease is even more drastic. Further, it can be numerically shown that the Bn for n ≥ 3
is small; for instance, for the Nb-Ti wiggler prototype presented in Table 1.1, the ratio
B3/B1 ≈ 1/600. The eigenfunctions of the first and third harmonic are shown in Figure
2.2. The effect of the higher-order harmonics in the wiggler field will be discussed in
chapter 3.
The field in the wiggler magnet aperture will be approximated by
Bx = 0, (2.17)
By = Bw cosh(k0y) sin(k0z), (2.18)
Bz = −Bw sinh(k0y) cos(k0z), (2.19)
with Bw := B1, which is a very good fit in the center of the gap. This derivation was
performed with ideas and formulas taken from relevant text books such as [31, 32, 33, 34].
2.2. Numerical calculation methods for insertion devices
The analytical model derived from Maxwell’s equations for the magneto-static case de-
scribes the magnetic flux density in the aperture. However, for the construction, iron is
used because it provides around 15% additional field and alters the forces. Therefore, we
have to calculate the magnetic field by using numerical boundary-value methods.
With some calculation methods, calculating the coil field and the iron field requires
separate calculations. We start by calculating the coil field by using the Biot-Savart law.
The divergence of the magnetic flux density is zero (see Equation (2.1)). Therefore, the
magnetic flux density can be written as the curl of a magnetic vector potential A:
curlA = B, (2.20)
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where [A] = 1Tm. In vacuum, B = µ0H, with µ0 = 4π × 10−7Hm−1; therefore,
curlA = µ0H, (2.21)
1
µ0
curl curlA = J, (2.22)
where we have applied Equation (2.2).
Although the divergence of the curl is zero, it is not unique because the addition of
any smooth scalar field ϕ to the vector field A does not change its curl; that is, since
curlA = curl (A+ gradϕ). This gauge invariance allows to set divA to zero, which is
known as the Coulomb gauge. Together with the appropriate boundary conditions it can
be shown [31] that this yields a unique solution of the boundary value problem. Now, we
can rewrite Equation (2.22):
1
µ0
(−∇2A+ grad divA) = J, (2.23)
which allows to incorporate the Coulomb Gauge divA = 0 to yield:
∇2A = −µ0J, (2.24)
where the vector field is given for a line current forming the closed loop C . Note that
the vector potential has to be source-free; that is, no current is allowed to escape the
considered volume:
A(r) =
µ0I
4π
∫
C
dr′
|r− r′| , (2.25)
where r′ is the position vector of the source point, and r is the position vector of the field
point.
The Biot-Savart law can now be given:
B(r) =
µ0I
4π
∫
C
dr′ × (r− r′)
|r− r′|3 . (2.26)
The coil fields in free space can be calculated with arbitrary accuracy by using the
Biot-Savart law. Equation 2.26 shows that B ∝ I. This result tells us that for insertion
devices without iron or with highly saturated iron, the field on axis is proportional to the
current I in the conductors.
Due to the iron, the field in insertion devices cannot be calculated by using only the
Biot-Savart law. Therefore, different vector and scalar potential methods have been intro-
duced which can be used to numerically solve the boundary value problem describing the
magnetic flux density distribution in insertion devices. The boundary conditions needed
to solve the boundary value problem are summarized in Table 2.1. Figure 2.3 shows an
example of an implementation in FEM programs. A detailed mathematical treatment of
the implementation of these functions into FEM programs is given in [31].
Inserting ferro-magnetic materials into the calculations yields B = curlA = µ0(H+M),
where M is the magnetization in units of Am−1; therefore, following Equation (2.2),
1
µ0
curl curlA = J+ curlM. (2.27)
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Figure 2.3.: Vector and scalar potential formulations.
Applying the Coulomb Gauge yields
∇2A = −µ0 (J+ curlM) , (2.28)
which is known as the vector Poisson equation.
The curl operator is linear; that is,
curlA = curl (As +Ar) = curlAs + curlAr, (2.29)
where we define As as the impressed vector potential due to the source currents in free
space, andAr is the reduced vector potential due to the iron magnetization. The magnetic
flux density can be calculated by using the reduced vector potential:
B = µ0Hs + curlAr. (2.30)
A third option is the so-called curl-curl vector potential method. We can write B =
curlA because divB = 0, and we can once again use the Coulomb gauge. Ampe`re’s law
(2.2)
curl
1
µ
curlA = J, (2.31)
remains to be solved.
In the following, different potential scalar methods are introduced. Figure 2.3 shows
an example of an implementation in FEM programs. A detailed mathematical treatment
of the implementation of these functions in FEM programs is given in [31].
For magneto-static problems, the magnetic field H can be split into the reduced field
arising from the magnetization in ferro-magnetic materials Hr and the magnetic field
generated by the source curlHs = J:
H = Hs +Hr. (2.32)
Since curl gradψr = 0, and by definition curlHr = 0, it follows that
H−Hs = −gradψr, (2.33)
where ψr is called the reduced magnetic scalar potential, [ψr] = 1A. Ampe`re’s law (2.2)
is automatically fullfilled, so the flux conservation law (2.1) has to be applied to Equation
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(2.33), yielding the reduced magnetic scalar potential:
div (µ gradψr) = divµHs. (2.34)
The source field Hs can be determined by using the Biot-Savart law. Inside highly perme-
able domains, Hs and Hr, are of similar magnitude but opposite direction. Cancellation
errors can occur if the calculation is performed as outlined above [34]. To avoid these
errors, the total magnetic scalar potential in all domains free of induced or impressed
currents (curlH = 0) can be used:
H = −gradψ, (2.35)
where ψ is the total magnetic scalar potential, [ψ] = 1A. Again, Ampe`re’s law (2.2) is
automatically fulfilled, so the flux conservation law (2.1) must be imposed:
div (µgradψ) = 0. (2.36)
Now, the two potential scalar methods couple the reduced magnetic potential ψr in the
current-carrying region with the total scalar magnetic potential ψ in the current-free
region by the interface conditions [31, 34]:
− µ gradψ · n = µ0 (n ·Hs − gradψr · n) , (2.37)
n× gradψ = n×Hs − n× gradψr, (2.38)
where grad ν · n is called the directional derivative.
The above discussion reveals that only the non-linear iron domain has to be described
by a boundary-value problem. A method applying this approach is the boundary ele-
ment method-finite element method (BEM-FEM). This method does not require a mesh
comprising the whole problem space (Figure 2.4). Only the magnetic sub-domain Ω has
to be represented by a mesh to cope with the non-linear magnetic permeability µ of the
magnetic material. To obtain boundary conditions Γ for the numerical calculation of the
reduced vector potential Ar usually the field at the far boundaries is set to zero. In the
BEM-FEM boundary, the elements surrounding the border of the magnetic sub-domain Ω
are introduced. It can be shown that boundary elements fulfilling the continuity require-
ments n ·B = 0 and n×H = k can be found by solving iteratively a non-linear equation
system [35]. After it has been solved, all nodal values of the magnetic sub-domain are
known, and the reduced field can be calculated at any arbitrary point and then can be
superimposed on the source field calculated by using the Biot-Savart law. A detailed
mathematical treatment of the application of the BEM-FEM coupling method is given in
[36].
The boundary integral method (BIM) requires subdividing all magnetized elements
into a sufficient number of small volumes over which the magnetization is assumed to
be uniform. The source field from the conductors can be calculated by using the Biot-
Savart law. In order to obtain the magnetization [M ] in all n volumes, a 3n× 3n matrix
has to be solved by using the iterative relaxation scheme described in [37]. Now, the
magnetic field [H] generated by a uniformly magnetized volume with magnetization [M ]
at an observation point is
[H] = [Q][M ], (2.39)
where [Q] is the volume magnetic susceptibility matrix. The matrix [Q] depends on the
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Figure 2.4.: Overview of the BEM-FEM coupling method. The source vector potential
As(r
′) acts on the magnetic yoke. The vector potential in the evaluation point ξ consists
of a contribution As(r) due to the coil and a contribution Ar(r) due to the yoke [36].
shape of the volumes and its position with respect to the observation point. The field
integral can be calculated from the magnetization [M ] of the volumes and a matrix, which
depends on the shape of the volumes and the line over which the integral is calculated.
A detailed mathematical treatment of BIM is presented in [38, 39].
Table 2.1 summarizes the calculation methods presented above and the relevant soft-
ware packages. Further, this table also identifies the most important advantages and
disadvantages of each of the described methods.
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2.3. Force, energy and inductance
Forces, stored energy and inductance are fundamental values used for many calculations
in this thesis. The electromagnetic force on a current-carrying conductor is given by
F =
∫
V
J×B dV, (2.40)
where V describes the current-carrying volume.
The electromagnetic force in between the upper and lower halves of a magnet can
be calculated by using Maxwell’s stress tensor. With a planar insertion device with a
magnetic length L = nλw, a constant peak field in the x direction over a width W and a
zero-field outside this region, and a sinusoidal magnetic field By = Bw sin
2pi
λw
z, the force
becomes [45]
F =
1
2µ0
B2w
∫ W
2
−W
2
∫ L
2
−L
2
sin2
2πz
λw
dzdx
=
B2wLW
4µ0
. (2.41)
If a numerical method is used, the Maxwell stress on the xz-plane in the center of the
wiggler gap has to be evaluated. The gap attempts to close because the poles opposing
each other have different polarities.
The stored energy in a magnet can be calculated from:
E =
∫
V
(∫ B
0
H(B) · dB
)
dV =
B2V
2µ
, (2.42)
where it was assumed for the second equation that B = µH with µ = const and that
B is homogeneous in V . Through measurement, the stored energy can be verified in
superconducting magnets by using
E =
∫ t1
0
U(t)I(t)dt, (2.43)
where U(t) and I(t) are the measured voltage and current over the connection plates of
the superconducting magnet, which is charged from time 0 to t1.
The inductance L can be derived by solving the differential equation:
U(t) =
dΦ
dt
=
d(LI)
dt
=
(
∂L
∂I
I + L
)
dI
dt
+ I
∂L
∂t
. (2.44)
The term I ∂L
∂t
accounts for time-varying inductances and is zero in stationary magnet
systems. For non or highly saturated magnets, the term I ∂L
∂I
is negligibly small. The
inductance from the measurements can be estimated by
U = Ld
dI
dt
, (2.45)
with Ld =
∂L
∂I
I + L while the current is varied. With a linear approximation dI
dt
= const
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Table 2.2.: Properties of some superconductors [46, 47, 48, 49, 50].
Material Critical Temperature [K] Critical Magnetic Field [T]
Type I
Hg 4.15 Bc1 = 0.04
Pb 7.19 0.08
Sn 3.72 0.03
Type II
Nb 9.3 Bc2 = 0.3
Nb-Ti 9.6 14.5
Nb3Sn 18.1 25
Nb3Ge 23.2 38
High temperature superconductors
Bi2Sr2CaCu2O8 (BiSSCO) 90 Bc2‖ > 250 Bc2⊥ > 60
Bi2Sr2Ca2Cu3O10 (BiSSCO) 110 BC2‖ > 250 Bc2⊥ = 40
YBa2Cu3O7 (YBCO) 92 Bc2‖ > 240 Bc2⊥ = 110
and a constant inductance over time and current,
L =
2E
I2
. (2.46)
2.4. Applied superconductivity
At the University of Leiden in the Netherlands, H. Kamerlingh-Onnes and his co-workers
discovered the phenomena of superconductivity in 1911. They investigated the resistiv-
ity of mercury at low temperatures and found that below 4.2K, no resistance could be
measured. Thus, they discovered a new state of matter [46].
Since its discovery, superconductivity has been found in many metals, metallic alloys
and compounds. Table 2.2 gives an overview of some famous superconductors. If type
I superconductors are operated below their specific critical temperature Tc, the field is
expelled from its interior up to the critical field Bc1. A thin surface layer carries the
shielding currents, which counteract the external field. The superconducting state of a
type-I superconductor is called the Meissner phase (see Figure 2.5.a). A Type II super-
conductor, the superconductor type widely used for superconducting magnets, shows the
same behavior as a Type I superconductor for fields below Bc1; for fields above Bc1, a
Type II superconductor enters into the so-called Shubnikov phase. The field enters in
discrete units called fluxoids, and now the interior also becomes current-carrying (see
Figures 2.5.b and 2.5.c).
Table 2.2 also shows the critical fields and temperatures of some high- and low-tem-
perature superconductors. In this thesis, only low-temperature superconductors are con-
sidered. High-temperature superconductors show very high critical temperatures, fields
and currents at low temperature. However, high-temperature superconductors have irre-
versible fields, which are much smaller than the critical field (Figure 2.5.d). When cross-
ing the irreversibility line, fluxoids are no longer pinned and are driven by the Lorentz
force. That is, a voltage drop occurs over the conductor, resulting in a practical limita-
tion for magnet design. If the field is applied perpendicular to the preferred orientation,
the critical current decreases rapidly with field. Moreover, the critical current decreases
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due to the presence of grain boundaries in high-temperature superconductors. There-
fore, high-current-carrying films need boundaries with extremely small misalignment, and
this requirement limits the available piece lengths [51, 47]. State-of-the-art technical
high-temperature superconductors cannot meet the requirements of the damping wiggler
magnets because the achieved current density averaged over the superconductor, support-
ing material, and insulation is too small and results also in a too small field. Moreover,
the high-temperature conductors have a higher cost. Therefore, the following discussion
is limited to low-temperature superconducting strands, which can be applied to super-
conducting wiggler magnets.
2.4.1. Nb-Ti wire technology
The most widely used superconductor is a ductile alloy of niobium and titanium (Nb-Ti).
In order to reduce flux-jumps (see subsection 2.4.3.1), the superconductor is subdivided
into fine filaments, which are twisted together and embedded in a low-resistivity matrix
of normal metal, usually based on Oxygen-Free-High-Conductivity (OFHC) copper. The
filament twisting is used to reduce inter-filament coupling under time-varying fields [52,
53].
The copper matrix is needed to provide a stabilizer and quench protector. A quench is
the transition from the superconducting to the normal-conducting state. The resistivity
ρsc,n in the normal-conducting state of Nb-Ti is 5 to 6× 10−7Ωm, which is around three
magnitudes larger than the resistivity of copper. The higher conductivity of the copper
gives enough time to act on the power circuit, to disconnect the supply, and to begin a
current discharge [53].
Figures 2.6 and 2.7 show cross-sections of wires with fine filaments successfully used for
the production of wigglers.
The critical temperature Tc(B) and critical current Ic(T,B) can be estimated by using
Lubell’s [56] and Bottura’s [57] fit:
Tc(B) = Tc0
[
1−
(
B
Bc20
)] 1
1.7
, (2.47)
Bc(T ) = Bc20
[
1−
(
T
Tc0
)1.7]
, (2.48)
Ic =
C
B
[
B
Bc2(T )
]α [
1− B
Bc2(T )
]β [
1−
(
T
Tc0
)1.7]γ
Ic, ref, (2.49)
where Bc20 is the upper critical magnetic flux density at zero temperature, Bc2(T ) is the
critical flux at the operating temperature T , and Ic, ref is the critical current at 4.2K
and 5T. C, α, β, γ are the fitting parameters. Table 2.3 summarizes the parameters
for the strands used in this research. Figure 2.8 shows the critical surface of Nb-Ti
superconductor. This figure also shows a load line of a magnet at 1.9K, that is, the
magnetic flux density versus the current.
2.4.2. A15 superconductors
To achieve larger magnetic flux densities, the use of A15 superconductors is considered.
For the generic A15 compound A3B (also named the β-tungsten structure), the crystal
structure is formed by a body-centered cubic arrangement of B atoms and two A atoms
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Figure 2.5.: Superconductor types. (a) Magnetization (magnetic moment per unit vol-
ume, M) versus magnetic field for a type I superconductor. The magnetization decreases
abruptly from the Meissner value to zero. (b) Magnetization versus magnetic field for a
type II superconductor. The magnetization decreases monotonically from the Meissner
value, hence providing three distinct regions: (1) the Meissner state (magnetic flux com-
pletely excluded), (2) the vortex state, and (3) the normal state. In the vortex state, the
magnetic flux penetrates in the form of vortices, but the material is still superconducting.
The dotted line represents the comparison with the case for a type I superconductor. (c)
Magnetic field versus temperatures for a low-temperature superconductor. (d) Magnetic
field versus temperature for a high-temperature superconductor [47].
Table 2.3.: Parameters for Bottura’s fit [53].
Bc20 Tc0 α β γ C Ic, ref
CERN LHC #3 14.5 9.2 0.63 1 2.3 31.4 700
Bochvar Strand 14.5 9.2 0.72 1.1 2.3 34.94 1050
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Figure 2.6.: Cross-section of the LHC corrector wire #3. The filament size is 6 to 7µm
[54].
Figure 2.7.: Cross-section of the strand produced by Bochvar Institute of Inorganic Ma-
terials, Moscow [55, 54].
Figure 2.8.: Critical surface of the Nb-Ti superconductor. Left: Operational margin of
the magnet on the load line. Right: Temperature margin at a given field and current
density [31].
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Figure 2.9.: The A15 crystal structure. The dark spheres are
A atoms, and the light spheres are B atoms (A3B). The B
atoms form a body-centered cubic crystal structure with 2 A
atoms forming mutually orthogonal chains across the faces
[58].
Table 2.4.: Transition temperature in K of some A15 superconductors [47].
A15 Mo3Ir Nb3Al Nb3Au Nb3Ga Nb3Ge Nb3Sn V3Al V3Ga V3In V3Si
Tc0 8.5 19.1 11.3 20.7 23.2 18.2 9.6 14.8 14 17.1
centered at every face (see Figure 2.9). So far, seventy-six A15 compounds have been
identified of which forty-six are superconducting (see Table 2.4 for some examples) [47, 46].
2.4.2.1. Methods of production
All A15 superconductors are brittle inter-metallic compounds, which are difficult to pro-
cess. Because of their brittleness, A15 compounds cannot be extruded and drawn down
like Nb-Ti composites. The alternative is to proceed as follows: (1) assemble a multi-
filament billet including the un-compounded precursors of A15 that are more workable;
(2) process the billet by conventional extrusion and drawing techniques until the desired
wire size is achieved; (3) complete the winding; (4) use heat treatment to precipitate the
A15 compound in situ after the most damaging mechanical transformations have been
carried out [53]. The only A15 superconductor commercially available with sufficient wire
length for insertion devices is Nb3Sn because Nb and Sn with copper as a catalyst react
favorably to Nb3Sn during a standard heat treatment [59] (Table 2.5) and need no ther-
mal quench to form the A15 phase, like, for example Nb3Ga [60] or Nb3Al, which are
potential candidates for high-field magnets [61, 62]. The following subsections present
the three most common and promising manufacturing processes: (1) bronze process, (2)
powder in tube process, and (3) internal tin process.
Bronze process The bronze process is the most common way of producing Nb3Sn wires.
Round and rectangular wires are available. Figure 2.10 shows a schematic of a bronze
process conductor.
The main disadvantage of this process is that the solubility of Sn is limited to ap-
Table 2.5.: Heat treatment for the Ø0.8mm RRP Oxford Instrument Nb3Sn wire [63].
#1 Increase T to 205 ◦C (25 ◦C/h), hold for 72 h
#2 Increase T to 400 ◦C (50 ◦C/h), hold for 48 h
#3 Increase T to 695 ◦C (50 ◦C/h), hold for 17 h
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Cu
α bronze
Nb filaments
Diffusion
Barrier Figure 2.10.: Schematic of bronze
process [58].
Cu
Nb
NbSn2, Sn, Cu
powder
Figure 2.11.: Schematic of powder
in tube process [58].
proximately 15.7 wt% in the Cu-Sn substrate to maintain the workability of the bronze;
therefore, the amount of Nb3Sn that can be formed by solid-state diffusion is limited,
and this problem subsequently limits the critical current Ic [53, 47]. Moreover, the only
advantage of the application in insertion devices is the small filaments (d < 5µm), which
may enhance the flux jump stability at low fields. For example, in [64], a non-Cu current
density of 1000A/mm−2 at 12T and 4.2K is reported. Internal tin strands can achieve
about 2.5 times larger critical current densities.
Powder-in-tube process Kunzler et al. [65] were the first to produce a superconducting
Nb3Sn wire by using powder metallurgy, which was also the first successful process for A15
wires. However, this process was not brought to a reasonable level of commercialization
until 1977, when researchers at the Energy research Centre of the Netherlands (ECN)
published [66]. This development, still state of the art, relies on high-quality NbSn2
powder, with particle sizes smaller than 3µm, mixed with Sn and possibly Cu powders.
The powder is densified, put into a tubular assembly and drawn down to a rod of smaller
diameter that can be given an hexagonal shape. These rods are cut and stacked into a
thick-wall copper tube and extruded and drawn down. Figure 2.11 presents a schematic
of the powder-in-tube process wire [67, 53]. To the knowledge of the author Bruker EAS
is currently the only commercial supplier of this strand.
The powder-in-tube process yields high non-Cu Jc and requires a relatively short heat
treatment, which results in more homogeneous properties across individual filaments and
over wire cross-sections and smaller filament sizes than those of the wires processed by
using the internal tin process [68, 69].
Internal tin process Internal tin wires are usually manufactured by producing the sub-
elements, made up of a large number of niobium rods, inserted into a pure copper matrix,
arranged in concentric circles around a tin core, then stacked into a OFHC copper matrix,
and drawn down. Figure 2.12 shows a schematic of internal tin process wire. Figure 2.13
shows the cross-section of a sub-element of an unreacted internal tin process wire sub-
element and a reacted strand. Internal tin process wire has the advantage that the Nb
filament array is packed more densely, and, further, more Sn is available for reaction.
Therefore, higher critical current densities Jc can be obtained than those obtained from
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Cu
Cu
Nb filaments
Sn
Ta diffusion barrier
Figure 2.12.: Schematic of inter-
nal tin process [58].
Sn
Stacked Nb filaments
Cu
Diffusion
Barrier
Figure 2.13.: Left: Cross-section of sub-element of unreacted Rod In Tube (RIT) wire
[73], Right: Cross-section of reacted Restack Rod Process (RRP) wire [54].
the bronze process.
In [63], the researchers describe their short sample tests with the Restack Rod Process
(RRP) wire of Oxford Instruments (an internal tin process) [70] at low and high field.
The results showed that the current was limited due to flux jumps (see Figure 2.14). At
1.9 K, the quench current in the low field range was smaller or in a similar range as that
for 4.2 K due to instabilities (see subsection 2.4.3.1). The performance of the wire might
be enhanced by a strand design with smaller filament sizes and a smaller wire diameter
[71, 72].
2.4.2.2. The critical surface of Nb3Sn
In [74], the stress dependence of the critical current in thin film superconductors is re-
ported and in [75], in mono-filamentary Nb3Sn wires. In [76], a wide range of electro-
mechanical strain data is synthesized into the Strain Scaling Law, which is extended in
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Figure 2.14.: Short sample test results at 4.3 K (left) and at 1.9 K (right) for OST RRP
Nb3Sn strand. The black line shows the critical surface [63].
Table 2.6.: Fit parameters for the Ø 0.8mm RRP Oxford Instrument Nb3Sn wire [79],
strain fitting parameter α from [78]).
Tc0m Critical Temperature at B = 0 and ǫ = 0 18
Bc20m Critical Magnetic Flux at T = 0 and ǫ = 0 28.2
C0 Fitting Parameter 11030
α for ǫ ≤ 0 Strain Fitting Parameter 900
α for ǫ ≥ 0 Strain Fitting Parameter 1250
[77, 78] to a fit for the critical surface of Nb3Sn:
Ic (B, T, ǫ) =
C√
B
(
1− B
Bc2
)2 (
1− t2)2 , (2.50)
with
C (ǫ) = C0
√
1− α |ǫ|1.7,
Bc2 (T, ǫ) = Bc20
(
1− t2) [1− 0.31t2 (1− 1.77 ln t)] ,
Bc20 (ǫ) = Bc20m
(
1− α |ǫ|1.7) ,
t (ǫ) =
T
Tc0
=
T
Tc0m
(
1− α |ǫ|1.7) 13 .
The parameters for the Ø 0.8mm RRP Oxford Instrument Nb3Sn are summarized in
Table 2.6. The J-B-ǫ critical surface for the Nb3Sn Ø 0.8mm RRP Oxford Instrument
wire is depicted in Figure 2.15.
2.4.3. Causes of instability
Heat capacity decreases by up to three magnitudes from room temperature to cryogenic
temperatures. Therefore, even a small amount of heat generation caused by instabilities
can cause a sufficient rise in temperature to create a local zone in the superconductor
that is above the critical temperature and will cause a local quench. In this situation, the
normal zone becomes an additional source of heat because of ohmic heating P = RI2,
where R and I are the electrical resistance and the current in the conductor, respectively.
The consequent increase in temperature may exacerbate one or more of the processes
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Figure 2.15.: J-B-ǫ critical surface of Nb3Sn superconductor calculated by using Summers
fit and parameters for the Oxford Instrument RRP wire at 4.3K (see Table 2.6).
creating heat [52, 47]. Figure 2.16 gives an overview on the possible sources of instabilities
in superconducting insertion devices.
In the following sections, the main sources of instability are discussed.
2.4.3.1. Thermo-magnetic instabilities
Major sources of disturbances are flux jumps or the sudden movements of the pinned
vortices, so that motion does not occur unless a disturbance, that is, a heat impulse,
creates a location where the Lorentz force exceeds the pinning force. In other words,
the maximum critical current is reduced. The increase of the local temperature may
be sufficiently large to cause an avalanche of fluxoid movement, thus creating additional
Joule heating and a subsequent increase in temperature [47]. One can think of this effect
in terms of a positive feedback loop.
The most successful solutions for flux jumping are to reduce the disturbances (adia-
batic stability) or to conduct away the generated heat (dynamic stability). Adiabatic
and dynamic stability require small filaments. Following, the adiabatic model is used to
estimate the required filament size.
If an external field is applied with dB/dt 6= 0, eddy currents are induced, which will be,
according to the critical-state model, equal to the critical current Ic in steady state. Next,
assuming adiabatic conditions, a supply of heat of quantity dQs, will cause a temperature
increase dT , which will subsequently reduce the superconducting capability, that is, reduce
the critical current by dIc and will dissipate the heat dq. Calculating the heat balance
for a slab with thickness 2d and introducing a stability parameter β = 3 yields [52]
d =
√
βcv (Tc − Top)
µ0J2c (Top, Bop)
, (2.51)
where cv designates the superconductor volumetric heat capacity, Top is the operating
temperature, and µ0 is the magnetic permeability of free space [52, 53].
Figure 2.17 depicts the critical diameter of Nb-Ti filaments for magnetic flux densities
for typical field ranges in the wire bundle in wigglers. The parameter used for this
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Figure 2.16.: Instability sources. Instability disturbances are either thermo-magnetic (no-
tably a flux jump), thermo-mechanical, or thermal (such as heat leaks and heat induced
by the beam), after [47].
0
40
80
120
160
200
0 2 4 6 8 10
d
[µ
m
]
B [T]
Figure 2.17.: Required filament diameter
versus applied magnetic flux density ac-
cording to the adiabatic criterion.
calculation were derived by using Equations (2.47)-(2.49) and cv(B, 4.2K) = (261B/B0+
3307) Jm−3K−1, with B0 = 1T. To ensure stable operation, the magnet designer has to
choose the wire with the smallest possible filament diameter for wiggler magnets.
In [80], it is shown that high Jc Nb3Sn wires may suffer premature quenches due to the
self-field instability, which is caused by the uneven distribution of the transport current.
Because of the self-field, the transport current flows as near the surface as possible, which
might be cured by using a wire with a smaller diameter [52].
2.4.3.2. Thermo-mechanical and thermal instabilities
During cooldown, thermal stress and strain may occur in superconducting windings due
to different thermal expansion factors (Figure 3.10). Further, Lorentz forces will alter the
stress of the magnet while powered (Figure 2.18). This stress may lead to de-bonding,
fracture, or cracks in some components of the wiggler, especially in the potting resin.
From experience, superconducting insertion devices potted with resin show a training
behavior in order to reach their design current. A training quench is a special type of
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Figure 2.18.: Forces contracting the wire bundle.
disturbance quench that occurs when the coil windings move slightly under the influence
of electromagnetic forces and pressure changes during excitation. This movement may
result in higher fields at subsequent quenches. High local stress due to imperfections in
the winding and the epoxy resin can result in micro-cracks and/or a micro-movement
of the wires, which will raise the temperature locally. In [81], an attempt was made to
measure the energy released by cracks in an epoxy resin at 4.2K. They found a released
energy larger than 1.5mJ for exceptionally large cracks, for bond failure of epoxy with
copper, they found an energy release of 0.6 Jm−2, and for fracture 100 to 300 Jm−2.
Therefore, we investigate if the dissipated energy due to these defects is sufficient to
trigger a quench. The minimum quench energy (MQE) is estimated to be [51]
MQE ≈ AlcV(Tc − Top), (2.52)
where A is the cross-section of the strand, l the length of the normal zone, [cv] =
1 J(m3K)−1 the volumetric heat capacity, Tc the critical temperature, and Top the op-
erating temperature. A minimum propagation zone is established if the heat conducted
out of the resistive zone and the heat generated in the resistive zone, disregarding all
non-linearities and other effects, is equal:
2kCu(T )ACu
l
(Tc − Top) ≈ J2ρACul, (2.53)
where [kCu] = 1W(Km)
−1 is the thermal conductivity of the copper, [ρCu] = 1Ωm the
electrical resistivity of the copper, and [J ] = 1Am−2 the current density. Nb-Ti and
Nb3Sn in the normal-conducting state have poor electrical and thermal conductivity and,
therefore, were neglected in the calculation above.
For metals, the Wiedemann-Franz law couples the thermal conductivity and the electri-
cal resistivity with k(T )ρ(T ) = LT , where we define T = Tc+Top
2
as the mean temperature,
and the Lorenz number L = 2.44× 10−8WΩK−2. Now, the minimum quench energy can
be estimated by solving Equation (2.53) for l and entering it into Equation (2.52):
MQE ≈ Acv(B, T )
JρCu(T,B,RRR)
(Tc − Top)
√
L
(
T 2c − T 2op
)
. (2.54)
The MQE for the prototype wiggler magnets will be calculated in section 3.6.

3. Magnet design of superconducting
wiggler magnets
In this chapter a back-of-the envelope design for superconducting wiggler magnets is pre-
sented, and its challenges and limitations are explained. From the requirements of the
CLIC damping rings, the gap size g, the period length λw and the minimal required mag-
netic flux density Bw are assumed to be given. In section 3.1, the choice of the wiggler
coil design, the choice of the strand technology (Nb-Ti or Nb3Sn) and the choice of the
wire bundle dimension are discussed in detail. In this section, the wiggler magnet is op-
timized in a way that the maximum field for a given period length and gap is reached.
In a second step, a solution to save on expensive superconducting strands is discussed.
This introductory section provides a magnetic and mechanical design concept for wiggler
magnets. The remaining design decisions are elaborated in the following sections of this
chapter. In section 3.2, the usage of a rare earth element with very high magnetic induc-
tion saturation, Holmium, as pole material instead of iron, is discussed. In section 3.3,
the choice of the operating temperature is presented, taking into account that cooling the
magnet to a temperature of 1.9K instead of 4.2K enhances the performance. In section
3.4, a design concept is discussed which forces the first and second field integrals to van-
ish, causing a kick and, respectively, a displacement of the particle beam. In section 3.5,
the influence on the beam emittance of wiggler fields different from the sinusoidal field
model is shown. This discussion yields to a definition of mechanical tolerances and pole
shape design. Finally, in sections 3.6–3.8, the enthalpy margin, quench detection, magnet
protection, and magnetic correction techniques are discussed. The flowchart presented in
Figure 3.1 shows an overview of the design process.
3.1. Optimal magnetic design for superconducting
wiggler magnets
From the requirements of the CLIC damping rings, the gap size g, the period length λw
and the minimal required magnetic flux density in the center of the gap Bw are assumed
to be given. The choice of the wiggler coil design, the choice of the strand technology
(Nb-Ti or Nb3Sn) and the choice of the wire bundle dimension are discussed in detail in
the following. Further on, in the case of vertical wiggler magnets, the bending radii of
the end-coils have to be determined. The parameters required for the optimization are
summarized in Table 3.1 and illustrated in Figure 1.5, where Bw refers to the amplitude
of the magnetic flux density, Bp to the pole field and Bs to the surface field on the
conductor. We chose not to investigate the graded coils (coils with changing engineering
current density over the wire bundle) because they require the use of multiple power
supplies and current leads.
Before we start discussing the optimal wiggler design, we introduce practical possible
wiggler magnet topologies. Wigglers can be wound in different ways. Figure 1.5 shows two
practical options. Figure 3.2 shows the surface field Bs on a horizontal Nb-Ti racetrack
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Figure 3.1.: Flow chart of design process for superconducting wiggler magnets.
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Table 3.1.: Nomenclature.
B∗w Maximum achievable field at λw
B∗p, B
∗
s , I
∗
c , J
∗
eng Corresponding values at B
∗
w
Bdp , B
d
s , I
d, gd, λdw Design operating values
1.0
2.0
3.0
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5.0
6.3
Bmod in T
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Figure 3.2.: The surface field Bp of the conductor at critical current for the Nb3Sn vertical
racetrack (left) and Nb-Ti horizontal racetrack (right) prototype wiggler magnet. The iron
is not shown.
wiggler and a vertical Nb3Sn racetrack wiggler with a period length λw = 56mm and a gap
g = 18mm. In vertical wiggler magnets, one strand can be used to wind the whole wiggler
magnet. After each pole, the current direction has to be changed by changing the sense
of winding direction in order to achieve the alternating current direction. In horizontal
wiggler magnets, each coil has to be wound separately and then electrically joined to
the adjacent coil during the process of assembly. Therefore, horizontal racetrack wigglers
require 4 L
λw
+2n electrical interconnections, where L is the total wiggler length and n the
number of wigglers. These interconnections will yield approximately 15000 joints in the
CLIC damping rings. For the vertical racetrack option, joints can be avoided completely,
except for the current connections to the wigglers. The interconnection technique is
well advanced for Nb-Ti; for example, with the cold welding technique, a resistance of
10−10− 10−12Ω is achieved [20]. Nb3Sn interconnects were investigated in this thesis (see
section 4.5).
After introducing the two main wiggler magnet concepts, the optimization is started.
We assume that the design parameters Bdw, λ
d
w and g
d are given; the design pole field Bdp
can be directly calculated by using
Bdp = B
d
w cosh π
gd
λdw
. (3.1)
Figure 3.3 (right) can be used to find the required engineering current density J∗eng from
the intersection of Bdp = B
∗
p and the design period length λ
d
w = λw, where
∗ denotes
the maximum achievable pole field B∗p for a period length λw at the engineering current
density J∗eng. In this first step of the optimization, the design pole field B
d
p is set to the
maximum achievable pole field B∗p for a given period length λw at the engineering current
density J∗eng. In Figure 3.3 a gap of 18mm was assumed, which can be adjusted by using
Equation (3.1).
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Figure 3.3.: Left: Load lines for wiggler magnets with a coil width (0.3λw = yc = zc)
and a gap 18mm. Right: Optimized field at the pole tip B∗p over engineering current
density. For example, in the left plot, we find that an engineering current density J∗eng =
975Amm−2 yields a maximum surface field B∗s = 6T for a Nb-Ti strand at a period
length λw = 50mm. The right plot shows that this wiggler configuration would yield a
maximum pole field B∗p = 5.5T .
After determining the required engineering current density J∗eng for the desired pole
field in Figure 3.3 (right), Bdp = B
∗
p; the maximum field on the conductor B
∗
s can be
read off from the intersection of J∗eng and the period length λw in Figure 3.3 (left). If the
intersection point of J∗eng and the period length λ
∗
w are below the critical surface shown
for Nb-Ti (Bochvar Strand, Table 4.1) or Nb3Sn (OST RRP, Table 4.1) it can be, in
principle, realized.
If a strand is used that is different to the two shown in Figure 3.3 the engineering
current density has to be converted correspondingly into the current in the strand with
I =
1
κ
Jeng, (3.2)
where we define the filling factor κ for the wiggler magnets as the average number of
wires per unit area. For the calculations presented in this thesis, a filling factor of 1.24
strands/mm2 was assumed. As Figure 3.3 reveals Bp ∝ Jeng. Therefore, the part of the
coil generating the field seen by the beam must be densely wound. In horizontal racetrack
coils, this area is the straight part. In vertical racetrack coils, the straight part is close
to the beam. Moreover, in vertical wiggler magnets, the layer jump can be conveniently
placed on the side averted from the beam. In horizontal racetrack coils, usually the layer
jump is placed in the straight part, resulting in an around 10% smaller filling factor
compared to that of vertical wiggler magnets.
We have to introduce the critical surface in order to determine if the chosen strand
is superconducting at the chosen Bp (shown for the two exemplary strands in black in
Figure 3.3 (left)). A superconducting filament in a magnetic field is superconducting as
long as the current is smaller than the critical current. For a Nb-Ti strand, the critical
current is [57]
Ic = CB
α−1
s
(
1− Bs
Bc2(T )
)β
. (3.3)
For the Nb-Ti Bochvar Institute strand, C = 3300, α = 0.72, β = 1.1, andBc2(4.2) = 10.68.
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Figure 3.4.: Field enhancement at conductor over gap height for the different period
lengths but otherwise unchanged wiggler geometry.
For a Nb3Sn strand, the critical current is [77, 78]
Ic =
C√
Bs
(
1− Bs
Bc2(T, ǫ)
)2
. (3.4)
For the OST RRP 0.8mm strand, C = 11030, Bc2(4.2, 0) = 24.92.
Equations (3.3) and (3.4) can be used to check if the required Bs can be reached with
the chosen strand material.
Further on, we have to take several additional margins and field enhancements into
account which are explained in the following:
Bds ≈ gE(1 + σ)B∗s , (3.5)
Bs ≈ B
d
s
1−M . (3.6)
The factor gE describes the change in the field on the coils if the gap g is varied. The
influence of the gap on the maximum magnetic flux density in the coil is usually small.
For example, for Nb3Sn wiggler magnets with a period length λw = 20mm, the surface
field on the conductor is 0.1% larger for a gap of g = 16mm instead of g = 20mm; for
a wiggler magnet with a period length λw = 100mm, the field enhancement on the coils
becomes 2.3%. Figure 3.4 shows some examples for the field enhancement of Nb3Sn and
Nb-Ti wiggler magnets with a period length of 20, 60 and 100mm for gaps between 2mm
and 30mm normalized to a gap of 18mm.
We introduce the field enhancement σ, which we define for wiggler magnets as the
ratio of the field on the conductor calculated by using a 2D program and the field on
the conductor calculated by using a 3D program. The field enhancement σ is around
7-10% for horizontal racetrack wigglers and 2-4% for vertical racetrack wigglers without
considering the iron. The field enhancement is independent of the current density. For
the vertical racetrack wiggler, an end-coil radius of 40mm was assumed.
The linearized margin on the load line is defined as
M = 1− B
d
s
Bs
. (3.7)
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Table 3.2.: Examples of the influence of different cross-sections on the wiggler parameters.
#1 #2 #3 #4
yc, mm 15 16 18 20
zc, mm 15 16 18 20
Ic, A 1285 1214 1086 975
Bp, T 9.85 10.16 10.76 11.33
Bw, T 5.72 5.80 5.83 5.71
This margin is an easy way to set a working point for a wiggler magnet designed for using
the same strand. If different strands are used, for example, Nb-Ti and Nb3Sn strands,
the enthalpy margin should be used to compare the designs (see section 3.6).
Depending on the design needs, the wire-bundle-to-λw ratio can be optimized in order
to save on expensive strands. Such a saving is especially of concern if a large number
of wiggler magnets will be built. For a given period length λw, we vary the wire bundle
cross-section. Figure 3.5 presents the maximum achievable Bp for different wire bundle
sizes. The cross marks the apex, that is, the maximum achievable B∗p for a given period
length. The optimal cross-section dimension in terms of maximum B∗p is yc ≈ zc ≈ 0.3λw,
as it was assumed for the calculations presented in Figure 3.3. Larger ratios will increase
the field on the conductor and therefore decrease the critical current. They will decrease
the pole field Bp only slightly, but will consume more strand. This design approach might
be an option for only a Nb3Sn wiggler magnet with a short period length because the
field on the conductor can be increased. An increased field on the conductor may avoid
the flux jumps’ area. As discussed in subsection 2.4.3.1 flux jumps may occur in high-Jc
Nb3Sn strands at low field and high current.
Table 3.2 gives an example for a wiggler magnet with a period length of 56mm. Usually,
smaller ratios will be chosen because the consumption of the strand can be minimized
without a major effect on Bp. Figure 3.6 summarizes the parameters as a function of the
ratio of coil width zc to period length λw. At zc = 0.5λw, the space is fully filled with
wire bundles. According to the chosen wire bundle to λw ratio, the design parameters
determined in Figure 3.3 have to be multiplied with the factors of Figure 3.6. We suggest
a value of yc ≈ zc ≈ 0.26− 0.27λw because the mid-plane field is reduced by only around
1%, but 20-25% of the strand can be saved. The plot also shows the ratio of the cross-
section area A∗ of the wire bundle required to obtain the largest possible pole field B∗p to
the wire bundle’s cross-section A required to obtain a pole field Bp.
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Figure 3.7.: Left: Force in the lower half of the coil end of a vertical racetrack coil for
a period length λw = 56mm. Right: Optimized end-coil radius r for Nb-Ti and Nb3Sn
wiggler magnets with zero force in the end-coil.
In vertical racetrack wigglers, the bending radius can be chosen at will. It is useful
to choose it in a way that the Lorentz force acting on the wire bundle becomes zero.
Figure 3.7 (left) shows the force in the end-coil as a function of the bending radius for a
wiggler with a period length of λw = 56mm and yc = zc = 0.27λw. Figure 3.7 shows the
preferred bending radii for Nb-Ti and Nb3Sn wiggler magnets. For larger bending radii,
the Lorentz force is compressive; for smaller bending radii, the Lorentz force is tensile.
In horizontal racetrack wiggler magnets this option obviously does not exist because the
bending radii are given by the pole width. Because the pole width is usually much smaller
than the radii shown in Figure 3.7, the Lorentz forces in the end-coils of horizontal wiggler
magnets are tensile. In the straight section, the wire bundles are compressed towards the
(unsaturated) iron. If no iron is used, the forces will be tensile. A yoke on top of a
vertical wiggler magnet reduces the resulting force on the wire bundles on the upper
straight part. One has to be careful at the first and last coils of the wiggler magnets.
Forces acting away from the wiggler body occur and have to be supported by an adequate
mechanical structure.
In the following, we give an example of the stress distribution in a coil of a Nb3Sn hor-
izontal and vertical racetrack wiggler at a critical current with a period length of 56mm.
The stress in the coils were calculated by using the finite-element-code ANSYS and pro-
jected Lorentz forces from a 3D Opera TOSCA magnetic analysis following the method
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Figure 3.8.: Left: Von Mises stress in horizontal racetrack wiggler coils. Right: Von Mises
stress in vertical racetrack wiggler coils
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Figure 3.9.: Forces in horizontal and vertical racetrack wiggler magnets. In this example,
the vertical racetrack wiggler has an end-coil radius of r = 35mm.
outlined in [82] (see Figure 3.8). The force summed up over all wires and separated in
sectors is shown in Figure 3.9. However, the central post material should be selected
carefully to not increase the thermally induced strain (see Figure 3.10). In vertical race-
track wiggler coils, most stress is induced thermally and remains smaller than that in the
horizontal counterpart. There, most stress results from the Lorentz force in the end-coils.
Pre-stress cannot easily be applied in the end-coils of the wiggler magnets. The presented
design for horizontal Nb3Sn coils is close to the limit of 100MPa. This limit was estimated
from mechanical compressive E-modulus measurements on small wire bundle blocks at
4.2K (see section 4.7).
Ceramic Iron Stainless steel
ǫ[%] 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Figure 3.10.: Strain due to different heat contraction factors between room temperature
and 4.2K of the coil and the central-post for sintered Aluminum-titanate ceramic (left),
iron (middle) and stainless steel (right). Calculated with ANSYS.
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Table 3.3.: Comparison of CLIC damping wigglers with holmium, iron, and air pole tips
at the corresponding critical currents Ic for the maximum mid-plane magnetic flux density
Bw.
Holmium Iron Air
Bw, T 4.06 3.83 3.21
Bp, T 6.66 6.27 6.73
Ic, A 662 747 646
yc, zc, mm 18 16 19
Wire bundle area, mm2 324 256 361
Source Field Bw,SF, T 3.13 3.10 3.21
Reduced Field Bw,RF, T 0.93 0.73 0.00
Ratio Bw,RF/Bw, % 23 24 0
3.2. Ferromagnetic materials
Ferromagnetic materials are used in high-performance superconducting magnets in or-
der to boost the performance of the magnet, to avoid large fringe fields and to alter
the force direction in vertical racetrack wiggler magnets, such that most stress becomes
compressive. In order to increase the performance further, high-performing ferromagnetic
materials such as cobalt iron are sometimes used in high-performance magnets because
their saturation induction is slightly higher than that of pure iron. For example, Vacu-
umschmelze Vacuflux has a saturation induction of 2.35 T, compared to 2.15 T for pure
iron, for example, Vacuumschmelze Vacofer [83].
In [84], it is reported that holmium, a rare earth metal, is paramagnetic above 133K,
appears to be anti-ferromagnetic between 133K and 20K, and is ferromagnetic below
20K. At 4.2K, it has the highest field saturation of all the materials known by the
author. Figure 3.11 shows a simplified BH-curve at 4.2K of iron and holmium. Holmium
is soft, ductile, and malleable and can be procured in sheets and, therefore, used as pole
material.
In [86] and [87], the use of holmium is reported in the pole tips of superconducting
quadrupole magnets providing around 10% more gradient than iron pole tips. Therefore,
replacing the iron poles of the wigglers with holmium was investigated. Due to the price
and limited availability, horizontal racetrack wigglers are especially suited for holmium
because the poles are small. Table 3.3 presents the comparison of wigglers with stan-
dard iron and holmium pole tips, calculated without considering the field enhancement.
Replacing the pole tips with holmium leads to around 6% more field at the wiggler axis.
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3.3. Temperature level of superconducting coils
The operation at 1.9K instead of 4.3K increases the performance of a Nb-Ti wiggler
by around 20% (λ = 56mm). Due to self-field instabilities, the field Bw at 4.3K stays
about the same for 1.9K for the strands tested in this thesis. Only the latest Nb3Sn
strand development may reach higher currents at 1.9K [72]. Cooling at around 4.2K
can be economically provided by standard cryocoolers. Therefore, cooling at 1.9K is not
pursued. The power consumption at 1.9K would be above 200 kW instead of 76.9 kW
and could not be provided by cryocoolers.
The wire bundle shown in Figure 1.5 is immersed in epoxy resin. Therefore, cooling
with superfluid Helium at 1.9K has only limited advantages since the superfluid Helium
cannot come in direct contact with the superconducting wire. As a result, the large
thermal conductivity of superfluid Helium at 1.9K is of only limited advantage.
3.4. Fringe field optimization
A wiggler magnet has to be transparent to the beam; that is, the beam entrance angle
should be equal to the exit angle, and its entrance vertical and horizontal position should
be equal to the horizontal and vertical exit positions. The vertical angle and position are
unchanged because in the center of the gap, Bx = Bz = 0. Therefore, one needs only to
find a configuration with
Iy =
∫ s1
s0
By(z)dz = 0, (3.8)
IIy =
∫ s1
s0
∫ s
s0
By(z
′)dz′dz = 0. (3.9)
Either a symmetric (odd number of poles) or an antisymmetric (even number of poles)
design can be used to compensate for the first (Equation 3.8) and second (Equation 3.9)
field integrals. In superconducting wiggler magnets, the antisymmetric design is preferred.
The first field integral automatically becomes zero and reduces the possibility of beam
trips in the case of a quench [88]. Further, the integrals of the higher even multipoles
(sextupole, decapole, . . . ) are canceled automatically because they are equal in size but
different in sign. The second field integral has to be minimized by varying the number of
conductors or the geometry of the last coils by using a numerical calculation method. If
the magnet is operated at different current levels, the first and last pole should be thick
enough to not saturate. Figure 3.12 shows some possible configurations.
From the first and second field integral, the exit angle α and position x is [45]
α =
e
γmec
Iy ≈ 586.7
γ
Iy, (3.10)
x =
e
γmec
IIy =
586.7
γ
IIy, (3.11)
with γ ≈ 5600 for the CLIC damping rings.
In above paragraphs, we have seen that all even multipoles (dipole, sextupole, de-
capole, . . . ) are canceled automatically if an antisymmetric wiggler design is chosen. Fi-
nally, we have to ensure that the influence of the odd numbered multipoles (quadrupoles,
octupoles,. . . ) also remains acceptably small. Wiggler magnets have a roll-off; that is,
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Figure 3.12.: Different wiggler geometries to compensate for the first and second field
integrals. Top: Antisymmetric configuration. Bottom: Symmetric configuration.
the field in the x direction is not constant (Figure 3.13 (left)). Therefore, we define a
good-field region, or the region where the relative change in magnetic flux density is less
than 1 × 10−4. Figure 3.13 (right) shows this region for typical wiggler designs. The
maximum deflection of the beam in a wiggler magnet in the CLIC damping rings is
x = 2.65× 10−3Bwλ2w, where all values have to be entered in SI units. For Bw = 3T, we
find around ±30µm. The beam size is smaller than 1.2mm. We chose a good-field region
of at least 3 times 1.2mm.
Figure 3.14 shows the width of the good field region (defined as the region with a field
homogeneity better than 1 unit in 10000) over the wiggler width. For vertical racetrack
wigglers, the field characteristics is as expected; for larger widths, the good field-region
increases. On the other hand, the horizontal racetrack wiggler magnets show a maximum
for a wiggler width of 90mm, which is caused by the field enhancement in the end-coils.
Therefore, the highest field is no longer in the center, but close to the extremities. For
a certain wiggler width, this effect is favorable and increases the good field area. The
phenomenon is depicted in Figure 3.13 (right).
3.5. Influence of different wiggler fields on the beam
emittance
In the following, the zero-current emittance will be derived, and the influence of mechani-
cal errors and higher-order field harmonics will be investigated. Achieving small tolerances
is an elaborate task. In superconducting wigglers, field errors are caused mainly by fi-
nite mechanical errors, that is, differing pole positions, wire bundle positions, and sizes,
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and variations of the period length [89]. In the following, we investigate if the absolute
tolerances can be relaxed.
3.5.1. Emittance with sinusoidal wiggler field model
Integrals of various characteristic functions of the guide field in a storage ring, taken
around the whole ring, can be used to describe many of the important properties of
the stored beam. The emittance, one of the important properties of the stored beam,
generated by wiggler magnets can be derived from the integrals I2w, I4w, and I5w, which
are named after [7], by
γǫwx = Cq
γ3
Jwx
I5w
I2w
, (3.12)
where Cq is a constant (3.83× 10−13m), γ the relative energy, and
Jwx = 1− I4w
I2w
, (3.13)
the damping partition number.
The second synchrotron radiation integral is
I2w = 2Nw
∫ λw/2
0
1
ρ2(z)
dz =
Lw
2ρ2w
, (3.14)
where Nw is the number of periods with the period length λw and the field amplitude
Bw, the wiggler length is Lw = Nwλw, and the bending amplitude
1
ρw
= e
p
Bw (e is the
elementary charge and p the particle momentum). The bending 1
ρ(z)
in the wiggler magnets
is
1
ρ(z)
=
e
p
Bw sin kwz, (3.15)
with kw =
2pi
λw
.
The fourth synchrotron radiation integral is
I4w =
∫ Lw
0
(1− 2n(z))η(z)
ρ3(z)
dz, (3.16)
where η(z) is the dispersion function, and n(z) is the field index, with 1 > n(z) > 0 [8];
usually n = 1
2
, and, therefore,
Jwx = 1. (3.17)
The fifth synchrotron radiation integral is
I5w = 2Nw
∫ λw/2
0
H(z)
|ρ3(z)|dz, (3.18)
where H(z) = γ(z)η(z)2 + 2α(z)η(z)η′(z) + β(z)η′2(z) with the Twiss parameters α(z),
β(z), and γ(z) (Figure 3.15). We have assumed full decoupling from the other phase-space
coordinates. Therefore, the dynamic system is fully described by the position x and the
prime notation x′ denotes the derivative with respect to the arc length. We assume that
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β(z) = βw = const in the wiggler section; that is,
α(z) = −1
2
β′(z) = 0, (3.19)
γ(z) =
1 + α(z)
β(z)
=
1
β(z)
. (3.20)
The dispersion η(z) satisfies the differential equation
d2η(z)
dz2
+
1
ρ2(z)
η(z) =
1
ρ(z)
. (3.21)
With the wiggler’s field model from Equation (3.15), we obtain
d2η(z)
dz2
+ η(z)
(
e
p
)2
B2w sin
2 kwz =
e
p
Bw sin kwz. (3.22)
The dispersion function η(z) depends on Bw, λw, and γ. If kwρw =
2pi
λw
p
Bwe
is very large,
the amplitude of the dispersion function becomes smaller. A comparison of the numerical
solution of Equation (3.22) shows that for values of kwρw & 30 the second term on the
left side of Equation 3.22 can be neglected. Therefore, the dispersion function simplifies
[11]
η(z) = −sin kwz
ρwk2w
. (3.23)
For the Nb-Ti damping wiggler magnets, 2pi
λw
p
Bwe
≈ 356, and for the Nb3Sn damping
wiggler magnets, 2pi
λw
p
Bwe
≈ 267.
From Equations (3.18) to (3.23), it follows that
I5w =
Lwλ
2
w
15π5ρ5w
(
π2βw +
1
βw
λ2w
)
. (3.24)
If
πβw ≫ λw, (3.25)
the fifth synchrotron radiation integral can be written by
I5w =
Lwλ
2
wβw
15π3ρ5w
. (3.26)
The normalized horizontal zero-current emittance in wigglers calculated from Equations
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Figure 3.16.: Histogram of the influence of
mechanical errors on emittance.
(3.12) to (3.26) is
γǫwx = Cq
2βwγ
3
15π3
λ2w
ρ3w
∝ λ2w|B3w|. (3.27)
3.5.2. Influence of mechanical errors on the beam emittance
We assume a Gaussian distributed period length with a mean µ(λw) = 56mm and a
field amplitude with a mean µ(Bw) = 3T, a standard deviation
1 of σ(Bw) = 0.2T and
σ(λw) = 1mm; then added over the contribution of each half-period
IG2w =
2Nw∑
i=1
λwB
2
we
2
4p2
, (3.28)
IG5w =
2Nw∑
i=1
1
30π3
βwB
5
wλ
3
we
5
p5
. (3.29)
For this study, the emittance generated in wiggler magnets is calculated for one million
damping ring samples each equipped with 52 damping wigglers. Figure 3.16 shows a
histogram for κ =
IG5w
I5w
I2w
IG2w
calculated with an average βw = 4.79m in the wiggler magnets.
The equilibrium horizontal zero-current emittance is, according to [4],
γǫx0 ≈ γǫa0 Jx0
Jx0 + Fw
+ γǫw0
Fw
Jx0 + Fw
, (3.30)
where Fw =
I2w
I2a
(I2a is the damping generated in the arc section of the ring), ǫa0 the
normalized horizontal zero-current emittance generated in the arc section, and the contri-
bution to the damping partition number from the arc cells Jx0 = Jx (1 + Fw)−Fw. With
the parameters above and [2, 4], the overal expected emittance growth in the ring due to
mechanical errors is less than 1%.
Notice that if the yaw, pitch, or roll angles obtained with magnet alignment do not meet
the target values, higher-order field components are introduced which are not represented
in the field model described above.
1A standard deviation of σ(Bw) = 0.2T corresponds to an error in the pole height of ±1.5mm if
Bp = const and λw = const.
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3.5.3. Emittance with higher-order wiggler field model
The magnetic field in the mid-plane of the aperture of the wiggler is
By =
∞∑
n=1
(An cos(nkwz) + Bn sin(nkwz)) cosh(nkwy), (3.31)
where Bx = 0 and Bz = 0.
The wiggler flux density By is a square-like wave. Therefore, all skew harmonics An
and even harmonics Bn vanish for perfect wigglers. We investigate the influence of the
emittance from the first B1 = Bw and third harmonic B3 (B1 > B3). We rewrite Equation
(3.15):
1
ρ(z)
=
e
p
(B1 sin kwz + B3 sin 3kwz) . (3.32)
We find for the equilibrium emittance generated by the wiggler magnets:
γǫwx = Cq
γ3
Jwx
∫ λw
2
0
|κ1 sin kwz + κ3 sin 3kwz|3 βη′(z)dz∫ λw
2
0
(κ1 sin kwz + κ3 sin 3kwz)
2 dz
, (3.33)
with κ1,3 =
e
p
B1,3 and
η′(z) = −κ1
kw
cos kwz − κ3
3kw
cos 3kwz. (3.34)
For the CLIC damping wigglers, the ratio B1/B3 ≈ 600. It can be justified to truncate
the expansion in series after the first element because both I2w ∝ B21 +B23 and I5w ∝ Hκ3
are dominated by the first element in the series. No optimization of the pole shape has
to be performed because a perfectly sinusoidal field has not to be achieved.
3.6. Enthalpy margin
The minimum quench energy can be calculated according to Equation (2.54) and gives a
good estimation of the enthalpy margin of the magnet. We follow the simple calculation
method outlined in subsection 2.4.3.2.
The critical temperature Tc(B, I) can be determined by solving the implicit equation
(2.49) for Nb-Ti and the implicit equation (2.50) for Nb3Sn (ǫ = 0). The electrical
resistivity ρCu(T,B,RRR) of copper is presented in Figure 3.17; for high-purity, oxygen-
free copper, ρ(273K) ≈ 1.5 × 10−8Ωm. The volumetric specific heat of Nb-Ti in the
superconducting state is [90]
cv(B, T ) = 62.14BT + 44.64T
3. (3.35)
The volumetric specific heat of Nb3Sn in the superconducting state for fields between 4
and 10T and temperatures above 4.5K can be calculated by using [91, 92]
cv =
B − 4
6
a+
(
1− B − 4
6
)
b, (3.36)
a = 26T 3 − 17T 2 + 253T, (3.37)
b = 29T 3 − 32T 2 + 598T. (3.38)
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Table 3.4.: Fit parameters for the volumetric heat capacity of copper [94].
ρ a7 a6 a5 a4 a3 a2 a1 a0
8940 -0.3797 3.54322 -12.7328 21.9661 -18.996 8.61013 -0.15973 -1.91844
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Figure 3.17.: Left: Electrical resisitivity of copper. Right: Kohler diagram for the cal-
cualtion of the magnetoresistivity [95].
The volumetric specific heat of copper depends only on the temperature and is given
by an empirical fit of the measured data for temperatures between 4 and 300K [93]:
cv = ρ 10
a, (3.39)
where a =
∑7
i=0 ai(log T )
i. The parameters are summarized in Table 3.4.
We average the material properties of the strand (without insulation) with the copper-
to-superconductor ratio as presented in Table 4.1 for the wiggler magnets presented in
Table 1.1. We find for the two prototypes that
MQE ≈ Acv(B, T )
JρCu(T,B,RRR)
(Tc − Top)
√
L
(
T 2c − T 2op
)
, (3.40)
MQENb3Sn ≈
0.52× 10−6 · 1.1× 104
1.7× 109 · 3.5× 10−10 (11.9− 4.2)
·
√
2.44× 10−8 (11.92 − 4.22)µJ ≈ 129µJ,
MQENb-Ti ≈
0.57× 10−6 · 5× 103
1.1× 109 · 4.7× 10−10 (5.1− 4.2)
√
2.44 · 10−8 (5.12 − 4.22)µJ ≈ 2.2µJ
These estimations show that Nb3Sn has a much larger enthalpy margin than Nb-Ti. For
example, a fracture with a surface of around 0.01mm2 may be sufficient to trigger a
quench in a Nb-Ti wiggler magnet, whereas a fracture has to be over 50 times larger in
the proposed Nb3Sn wiggler magnets to trigger a quench.
3.7. Quench detection and magnet protection
A quench is an irreversible transition from the superconducting to the normal-conducting
state. When the superconductor becomes normal conducting, the current flows through
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Figure 3.18.: Protection scheme (modified after [98]).
the stabilizing copper of the strand, causing resistive heating of the magnet, which has to
be switched off because wiggler magnets are not cryogenically stable.
Quench detection can be performed by using an analog input stage and an analog-
to-digital converter, electrically connected to the magnet with redundant voltage probes
and a galvanic separated digital interface, which provides the communication link to the
evaluation and supervision unit. In case of a quench, the hardware interlocks will be
activated [96].
Wigglers can be built and protected in modules; in the extreme, each half period can be
protected separately by means of a parallel resistor within the magnet coldmass, as it was
done for the LHC beam diagnostics undulator [97]. If a coil of the wiggler quenches, the
parallel resistor acts both as energy-extraction for the quenched coil and by-pass for the
current. A PSpice simulation was performed which showed that this protection scheme is
feasible. The stored energy in a single coil of a wiggler magnet is relatively small (< 10 kJ).
As an input parameter, the increase of the resistance after the occurrence of a quench was
extrapolated from the short model wiggler; see subsection 4.9.
In the case of a quench, the stored energy of all series-connected wiggler magnets must
be extracted from the powering circuit. The total stored energy in the vertical racetrack
design is around 4.2MJ per string and below 2MJ for the horizontal design. The lumped
circuit model is presented in Figure 3.18 (Rp1 = 20mΩ, Mi = 50mH, Rcrowbar = 50mΩ,
Rext = 1.2Ω).
The estimation of the quench load for adiabatic conditions and at a uniform magnetic
field gives a conservative estimation of the hot spot temperature during a quench [52, 31]:
∫ ∞
t0
I2(t)dt = ηA2
∫ Tmax
T0
cv(T )
ρE(Bs, T,RRR)
dT, (3.41)
where Z =
∫∞
t0
I2(t)dt is the quench load, [Z] = 1A2s, t0 is the time when a quench
occurs, and I(t) the current flowing in the magnet. η is the volumetric filling factor of the
copper, A is the cross-section of the strand, T0 is the operating temperature, and Tmax is
the so-called hot-spot temperature. cv(T ) is the volumetric heat capacity depending on
the temperature T , and ρE is the electrical resistivity of the copper matrix, which depends
on the applied magnetic flux density Bs, the temperature T and the residual resistivity
RRR. Figure 3.19 shows the hot-spot temperature for a magnetic flux density of B = 6T,
an operating temperature of T0 = 4.2K, and a RRR of 100.
The energy-extraction switch based on Integrated-Gate Commutated Thyristors opens
after a delay of less than 1ms [96]. Around 80% of the stored energy will be deposited into
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the water-cooled, extraction resistor installed outside the string of magnets at ambient
temperature. The resistance is limited by the allowed maximum voltage. The remaining
part of the energy is deposited into the coldmass. This configuration will result in a
maximum quench load of around 30 kA2s and a maximum hot-spot temperature below
200K (Figure 3.19). If a different strand is used, the resistance build-up must be measured.
Our analysis has shown that the protection of even many wiggler magnets powered in a
series is feasible.
3.8. Magnetic measurement and correction techniques
Magnetic shims, such as magic fingers, can be used to compensate both for small errors
of the first and second field integrals and for small multipole errors due to mechanical
errors in the wiggler magnets [99]. Additional steerers can be used for compensation of
the field integrals. The requirements of periodicity are not very demanding, as discussed
in section 3.5.
In order to choose the correction scheme, the wiggler magnets have to be magnetically
measured. The magnetic flux density distribution in the wiggler magnet aperture might be
distorted by manufacturing errors. Measurements at cryogenic temperatures are complex,
time-consuming, and expensive. Therefore the measurements should be made at ambient
temperatures. However, in superconducting wiggler magnets, the iron is fully saturated
during operation. This result can be achieved only in the superconducting mode because
ohmic heating prevents this operation mode from being reached at ambient temperature,
that is, the normal-conducting state.
The following measurement methods can be used and are in principle readily available.
An overview is presented in [45].
• Hall probe measurements: Three-axis Hall probes mounted on a sledge moved
through the aperture can be used to measure a field map of the wiggler, which
can be numerically analyzed. For precesion measurement in a cryogenic environe-
ment, the Hall probes have to be calibrated in situ after each cooldown (accuracy
10−4 to 10−3 [100]). A draft for a hall-probe measurement system at cryogenic
temperatures is reported in [101].
• Search coils: A coil with the length of the wiggler period λw, moved in z direction
through the wiggler, should induce zero output if Bw and λw are perfectly sinusoidal.
A coil can also be flipped by 180◦ in the horizontal and vertical plane, for measuring
the first field integral by integrating the induced voltage. Flipped coils can be used
in a cryogenic environment. The accuracy is around one order of magnitude larger
than that obtained by measuring with Hall probes [45].
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• Stretched wire measurement: For precise measurement of the first and second field
integrals, a stretched wire measurement can be used, which is the standard measure-
ment system for measuring the first and second field integrals at cryogenic temper-
aturs [101]. The integrated voltage of a displaced and rotated wire is proportional
to the first and second field integrals [102]. A more elaborate system allowing for
the measurement of the first and second field integral on a line in wiggler magnets
is the pulsed wire system [103], where, for different impulses, either the first or the
second field integral can be measured.
4. Experimental studies and
manufacturing methods for
superconducting wiggler magnets
During this research, two trial coils for two different wiggler concepts and three short
model wiggler magnets were designed, manufactured and tested. Further, the comple-
mentary technology needed for the construction of wiggler magnets, such as splicing tech-
nology, was developed. This chapter summarizes the manufacturing methods and test
results.
Nb-Ti and Nb3Sn strands were used for winding the trial coils and wiggler magnets.
Table 4.1 presents a summary of the used strands. First, the complementary technology
development and tests are described and then the test results of the coils and the short
model wigglers are described.
4.1. Insulation
In superconducting wiggler magnets, insulation serves three main purposes: (1) during
the ramping of the magnets, shorts in between the iron and strands might cause eddy
currents in the iron while dI
dt
6= 0 and after resulting in the long-time distortion of the
field; author’s paper [104, 105]; (2) after a quench, the current might flow through the
iron, heating the magnet to unacceptable values; and (3) powering of a coil might become
practically impossible without inter-strand insulation because the copper resistance at
low temperatures is small (usually a factor of 100-300 smaller than at room temperature).
Therefore, only a very small portion of the current would flow through the superconductor,
and most of the current would flow directly from one connection to the other. Notice that
during steady operation, insulation is electrically not required.
Table 4.1.: CLIC damping wiggler strand options.
Nb-Ti Bochvar Nb-Ti CERN RRP Nb3Sn PIT Nb3Sn
Strand diameter, mm 0.85 0.61 × 1.13 0.81 1.25
Cross-section, mm2 0.57 0.69 0.52 1.23
Insulated diameter, mm 0.92 0.73 × 1.25 0.94 1.39
Shape round rectangular round round
SC/Cu ratio 1.5/1 1/1.8 1.1/1 1/1.27
Critical current at 4.2K 1050 A at 5 T 630 A at 5 T 800 A at 12T 1220 A at 12T
Critical temperature, K 9.6 9.6 18.1 18.1
RRR 100 >100 300 200
Filament diameter, µm ≤ 45 ≤ 7 ≤ 80 50
# of filaments 330 6890 60 288
Insulation Imidal Varnish PVA Enamel S-Glass braid Glass braid
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4.1.1. Strand insulation
Nb-Ti superconducting strands can be easily insulated with standard enamel insulation
following the norm CEI IEC 60317 [106].
For Nb3Sn, superconductor strand electrical insulation is challenging due to the heat
treatment to 695 ◦C, which excludes organic materials and is an active field of research
[107]. For single-strand insulation two routes are used: (1) weaving S-21 glass yarn or
(2) coating the strand with thin, heat- and scratch-resistant ceramic insulation around
the strand. The latter technique is not yet commercially available. Therefore, strands
insulated with glass braid insulation were used. This approach will yield slightly thicker
insulation layers than standard enamel insulation. For protection and lubrication of the
fragile glass fibers during weaving, a sizing agent, in our case, starch-oil, is used. It
degrades to carbonaceous residuals in the vacuum during the heat treatment at 695 ◦C and
may reduce the insulation strength to values on the order of kΩ after the heat treatment.2
In the following paragraphs, we investigate the maximum voltage which occurs during
a quench. Although the voltage across the leads of the magnet is small within the coil,
large voltages may occur. In the coil, the inductive and resistive voltage are opposed to
each other, and the maximum voltage within the coil can be estimated by [52]
U = IR
(
1− M
L
)
< IR, (4.1)
where R is the resistance of the normal zone, I the current in the coil, M the mutual
inductance between the normal zone and the rest of the coil with the self-inductance L.
The largest voltage between two adjacent strands occurs when two layers comprising 29
turns become suddenly normal conducting. The length of the strand is 12m; the copper
matrix has an area of 0.25mm2, which yields a resistance of 2.7mΩ and 0.8Ω at 4.2K
and room temperature, yielding an upper voltage between two adjacent strands of less
than 800V at 1000A.
In [111], it is reported that for impregnated glass fiber, an insulation breakdown volt-
age of over 12 kV/mm was achieved. Measurements, performed in the framework of this
research, on six samples treated with silanes [112, 113] and six samples treated without
silanes showed an average breakdown voltage of over 8 kV/mm with small standard de-
viation. The minimal insulation thickness in between two adjacent strands is 0.14mm,
yielding 1.1 kV inter-circuit insulation strength, which is considered sufficient. Therefore,
de- or re-sizing for reaching the maximum insulation is not considered necessary for elec-
trical insulation in wiggler magnets. With the first and second trial coils 21 quenches and
26 quenches, respectively, were performed, and none resulted in a failure of the coils.
However, this practical approach involves some problems: Extra layers of insulation
are required at the layer jumps and edges because of the different thermal contraction
coefficients of the strand. As well, the yoke is moving during the heat treatment, and
the fragile insulation in some cases is damaged. The handling after the heat treatment
1S-2 glass consists of 65wt% SiO2, 25wt% Al2O3, and 10wt% MgO [107, 108]. Also, E-glass can be
used, but has around 1.8 times less tensile strength [109].
2If high insulation strength has to be achieved, de-sizing may be required. De-sizing involves either
chemical cleaning, if the chemical deposition of the sizing agent is known, or burning away of all
organic materials, usually at around 300 to 350 ◦C at atmospheric conditions. After de-sizing, the
pure glass fibers are extremely fragile and cannot be worked on. Therefore, re-sizing using a sizing
agent withstanding high-temperature has been proposed and applied for the insulation of rectangular-
shaped Rutherford cables with tapes [107, 110].
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of the coil is very delicate due to the fragility of the insulation and the brittleness of the
conductor.
4.1.2. Iron insulation
For both Nb-Ti and Nb3Sn magnets, additional insulation towards the iron is needed.
Sharp edges at the iron yoke, which cannot always be avoided, and the required operations
during winding will damage the strand insulation and almost certainly will create shorts
between the strand and the iron.
Moreover, according to Equation (4.1), the voltage during a quench may be consider-
ably higher between the iron and the strand. Without further insulation, the insulation
thickness is only 0.07mm. Therefore, extra insulation of the iron is absolutely mandatory.
For Nb-Ti wiggler magnets, many radiation-resistant and cryogenic-capable insulation
systems can be used such as Kapton for areas not needing to be impregnated, and Nomex R©
electrical insulation papers for regions to be impregnated. These materials achieve break-
down voltages in the range of 50 kV/mm for Nomex, to several hundreds of kV/mm for
Kapton [114, 115]. Also, electrostatic deposition with epoxy powder coating was success-
fully applied, yielding very abrasive resistant coatings (powder: Corro-coat Series 9 [116];
gun: ITW Gema, OptiFlex L [117]).
For Nb3Sn wigglers, organic materials are again excluded due to the heat treatment.
Powder flame spray or plasma spray [118] can be used to apply a ceramic electrical
insulation (Al2O3) onto the iron; both techniques are widely used in industry, providing
around 6 kV/mm breakthrough voltage insulation [119]. The surface should be prepared
according to EN 13507 [120]. If Al2O3 ceramic electrical insulation is applied, the surface
has to be prepared with Ni/Cr 80/20. This layer compensates for the different thermal
heat contraction factors of the ceramic and the iron from 695 ◦C to cryogenic temperatures.
To test the adhesive strength (variant from ISO 14916:1999(E), [121]), test samples were
heated up to 700 ◦C and afterwards cooled down with liquid nitrogen. No peeling could be
observed. Either powder flame spray or plasma spray can be used. However, plasma spray
achieves higher temperatures (up to 16,000 K) and higher kinetic energies and therefore
denser layers of insulation and is preferred.
4.1.3. Connection plate insulation
In Nb-Ti, wiggler magnets glass-reinforced plastics [109] in combination with Kapton [115]
can be used.
Corning Incorporated Lighting & Materials Machinable Glass Ceramic (MACOR) is a
white, odorless, porcelain-like (in appearance) material composed of approximately 46%
weight parts SiO2, 17% MgO, 16% Al2O3, 10% K2O, 7% B2O3, and 4% F. It can be used
in Nb3Sn wiggler magnets as machinable electrical insulation material, which withstands
the heat treatment. MACOR can be machined with regular steel tools [122].
4.2. Coil winding
Winding of superconducting wigglers can be performed by one operator by using a simple
custom-built winding machine as shown in Figure 4.1. Three electrical motors are recom-
mended: (1) a step motor for turning and holding the winding body, (2) a standard DC
motor with an adjustable current source setting the winding tension (around 50MPa in
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Figure 4.1.: Winding machine.
the wire), and (3) a DC motor which controls the position of the spool according to the
angle between the strand and the winding body, measured by using a potentiometer.
4.3. Potting of coils
Superconducting wiggler magnets wound with a single strand should be potted, that is,
either impregnated with a fluid epoxy after winding, referred to as a dry winding process,
or wound with an epoxy or ceramic, referred to as a wet winding process. The potting
serves at least four purposes: (1) electrical insulation, (2) mechanical reinforcement, (3)
conferring an exact shape of the coil, and (4) increasing the stability of the magnet by hin-
dering plastic deformations of the strand, which cause a sufficient increase in temperature
to trigger a quench.
4.3.1. Increasing the stability of superconducting wigglers
According to the Debye law, the heat capacity of materials at low temperatures decays
as the third power of the temperature. Therefore, energies of the order of micro Joules
(Equation 2.54) increase the temperature sufficiently to trigger a quench. However, in
some rare earth compounds, a change in the easy-magnetization direction occurs, leading
to an anomaly in the heat capacity [123, 124]. A detailed discussion is given in [124]. The
use of rare earth metal oxysulfides (R2O2S), which were suggested as regenerator material
for cool storage [125], with high volumetric heat capacity (Figure 4.2) may increase the
stability of superconducting damping wiggler magnets.
In [126], experimental tests with a wet wounded Nb-Ti superconducting solenoid were
performed. The epoxy was filled with BN, a powder without increased heat capacity,
and CeCu6, and HoCu2 accounted for 5.7% volumetric percentage of the winding. The
powders with increased heat capacity also increased the stability of the windings, showing
that the time constant of the temperature diffusion was sufficiently small to deal with at
least 1ms duration disturbances. In [127], the successful use of Gd2O2S powders for a
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Figure 4.2.: Volumetric heat capacity of rare earth metal oxysulfides and other materials
[125].
Table 4.2.: Main parameters of the prototype wiggler magnets and integrated volumetric
heat capacity of some rare earth metal oxysulfides. Material data taken from [125].
Nb-Ti Nb3Sn
Bw, T 3.0 4.0
Bp, T 5.4 6.7
Iop, A 630 855
Top, K 4.2 4.2
Tc, K 5.1 11.9
Dy2O2S,
∫ Tc
Top
cvdT , J/cm
3, Tp = 4.8K 0.5 1.5
Gd2O2S,
∫ Tc
Top
cvdT , J/cm
3, Tp = 5.2K 0.6 1.6
Tb2O2S,
∫ Tc
Top
cvdT , J/cm
3, Tp = 6.3K 0.1 2.4
Nb-Ti superconducting magnet is reported, and [128] reported that for some rare earth
compounds, an applied magnetic field did not destroy the anomaly of the heat capacity.
Table 4.2 presents the main parameters of the prototype wiggler magnets and shows
the integrated volumetric heat capacity cv from the operating temperature Top to the
critical temperature Tc. Gd2O2S and Dy2O2S show a large integrated volumetric heat
capacity where almost half of the integrated volumetric heat capacity occurs below the
peak temperature Tp = 5.2K for Gd2O2S. Therefore, Gd2O2S is the preferred material
for Nb-Ti magnets. For Nb3Sn, both Gd2O2S or Tb2O2S can be used, depending on the
operating point. If an operating point close to the critical current limit at 4.2K is chosen,
Gd2O2S is the better choice. For the operating point presented in Table 4.2, Tb2O2S also
is a good choice. Gd2O2S can be procured directly because it is used as fluorescent for
computer tomography [129, 130]. Dy2O2S and Tb2O2S can be produced from the oxide
R2O3 (in Europe, for example, available from [131]) as described in [125] or at [132].
In this research, the use of Gd2O2S for Nb3Sn windings was investigated. A process for
dry winding and impregnating the coil is presented in the next subsection. The volumetric
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Table 4.3.: Averaged heat capacity in the wire bundle for different Gd3O2S contents.
Material data taken from [133, 125, 126].
Material
∫ 6K
4.2K
cvdT ,
kJ
m3 V%
∫
cvdT ,
kJ
m3 V%
∫
cvdT ,
kJ
m3 V%
∫
cvdT ,
kJ
m3
Epoxy 5.4 36 1.9 34 1.8 31 1.7
Nb3Sn 21.6 32 6.9 32 6.9 32 6.9
Copper 2.2 32 0.7 32 0.7 32 0.7
Gd2O2S 1130 0 0 2 26.6 5 57.1
Total 9.5 36.0 66.4
Ratio #x/#1 1 3.77 6.96
Transparent
Intercepting Tank
Hopper Filled with Epoxy Resin
Vacuum Vessel (0.1mbar)
Tight-Leak Mold
with magnet
Heater
Window
Silicon Tube
Figure 4.3.: Impregnation process.
percentage of the fillers was around 5%, compared to 5.7% as reported in [126], but was
achieved with dry winding in this research. The increase of volumetric heat capacity for
different amounts of Gd2O2S, averaged over a temperature increase from 4.2K to 6K, is
presented in Table 4.3.
4.3.2. Dry winding
Nb-Ti and Nb3Sn (after heat treatment) can be impregnated with radiation-resistant
epoxies with small viscosity. The process of impregnation is depicted in Figure 4.3. A
tight-leak mold has to be fabricated out of aluminum or DuPont Teflon fluoropolymer resin
parts [134] representing the negative form of the coil. The mold should be be treated with
a mold release (for example, Henkel Hysol Mold Release 122 S [135]). If a leak is present,
the impregnation will likely contain voids, and the magnet will not reach its short sample
current.
The impregnation process should be carried out as follows:
• Testing of tight-leakiness,
• Out-gassing of the mold at around 80 ◦C during >12 h under vacuum (at least
0.1mbar),
• Mixing of the resin (resin and hardener separately out-gassing at 80 ◦C for 1 h,
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Table 4.4.: Overview of formulations with Resin MY740.
#1 #2 #3 #4
w% V% w% V% w% V% w% V%
Resin MY740 [136] 55.2 56.6 54.2 56.0 38.0 52.4 27.1 48.2
Hardener DY906 44.2 42.7 43.4 42.3 30.4 39.5 21.7 36.3
Accelerator DY073 0.6 0.7 0.5 0.7 0.4 0.6 0.3 0.6
Silice TS720 [137] - - 1.9 1.0 1.3 0.9 0.9 0.9
Gd2O2S - - - - 30.0 6.5 50.0 14.0
Table 4.5.: Test results for epoxy and filled epoxy (Table 4.4). Tensile strength Rm,
E-modulus and flexural strength σb.
Material Rm E-modulus σb
Units MPa GPa MPa
MY 740 36 ± 12 3.6 ± 0.1 128 ± 39
MY 740, 30V% Gd2O2S 36 ± 15 4.3 ± 0.1 108 ± 2
MY 740, 50V% Gd2O2S 36 ± 15 5.4 ± 0.2 87 ± 9
mixing under vacuum for 15min, adding the accelerator and mixing for another
5min under vacuum, adding powders (out-gassed for 12 h at 105 ◦C) and mix 5min),
• Filling the epoxy mixture into the material hopper and opening the screw very
slightly to ensure a very slow filling (around 1 h) of the mold, closing the screw so
the intercepting tank is around half full and out-gassing for 20min,
• Polymerizing 8 h at 80 ◦C and 20 h at 120 ◦C.
Table 4.4 gives an overview of the used formulations (presented in Table 4.3) with
Araldite Resin MY740. Formulation #1 was used for all short models and trial coils.
The mechanical properties of filled epoxy versus regular epoxy were investigated with
tensile tests according to ISO 527 and flexural tests according to ISO 178 (Table 4.5).
Filled epoxy has a similar tensile strength Rm, higher E-modulus and smaller flexural
strength due to the notches caused by the 3-5µm powder.
Different typical shapes were impregnated to investigate the impregnability of coils and
cables with epoxies filled with rare earth sulfoxide powders, which have comparably large
densities (e.g., Gd2O2S: 7.34 g/cm
3). Figure 4.4 shows that the powder is homogeneously
distributed in the coil and cables.
4.3.3. Wet winding
An alternative is to co-wind the strand with a liquid glue, which cures after the winding
process.
For Nb3Sn strand, organic materials are excluded due to the heat treatment. The
alternative is to use a wet ceramic adhesive based on alumina, such as Cotronics Resbond
989F [138]. Unfortunately, the lifetime of mixed ceramic is very short (less than one hour).
Therefore, even small coils comprising straight sections cannot be wound at once. The
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Figure 4.4.: Cross-sections of coils and cables impregnated with filled epoxy.
alternative is to wind layer by layer; in order to cure the ceramic one has to wait several
hours before preceding after winding each layer. In the straight sections, pressure should
be applied during the curing process to avoid sags. Non-adhesive material such as DuPont
Teflon fluoropolymer resin parts [134] are recommended for applying the pressure. If the
coil has to fit into a retaining structure, a mold resembling a negative of the retaining
structure should be manufactured, and the heat-treated coil should be impregnated with
Henkel Hysol Stycast 2850 FT (100 PP) with catalyst 24 LV (8 PP) [135] to adapt the
geometry.
4.3.4. Conclusion
The wet winding process was not chosen because bubbles creating voids were observed,
the quality control was poor because of poor visibility during winding, the reproducibility
was poor, and the lifetime of the epoxy/ceramic was limited. On the other hand, dry
winding allows one to correct the position of the wires while winding and results in a
precise winding.
4.4. Heat treatment of Nb3Sn coils
A standard oven capable of following the heat cycle shown in Table 2.5 can be used for
heat treatment. Either a vacuum equal or better3 than 10−2mbar can be established or
the coil can be treated under an argon atmosphere.
Figure 4.5 depicts a three-layer coil after heat-treatment which was wound with a
winding tension of 3 kg. The wire became tensionless, and a void was observed in between
the winding and the central-post. The measurements in [139] and in this present study
showed that the RRP wire which was heat-treated without applying tension changed its
length by only -0.07%. Therefore, the void can be explained by the dislocation of the
Nb3Sn wire at high temperature to match the expansion of the iron central-post (see also
[140]). The coil’s iron central-post did not change its dimension due to the heat treatment.
The straight parts of the racetrack coil were kept straight during the heat treatment by
applying pressure with a heat-treatment mold on it.
3The RRR measurements and an analysis of the surface did not show any degradation at a vacuum
level of around 10−2mbar.
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Figure 4.5.: Coil after heat treatment: A void between
winding ground and Nb3Sn wire after heat treatment
can be observed.
4.5. Electrical interconnections of superconducting
strands
For the connection of Nb-Ti strands cold welding, ultrasonic-welding, and soldering are an
option. Thirty-five thousand splices with resistances below 10 nΩ were routinely achieved
during the construction of the Large Hadron Collider (LHC) [141].
Nb3Sn splices need further development. For the horizontal racetrack design, a total
of 15000 splices would be needed in the CLIC damping wigglers. The splices can be
partly manufactured before heat treatment because the coils can be assembled in modules.
Therefore, this section presents techniques and measurement results for reliably joining
the Nb3Sn strand before and after heat treatment.
The heat load from resistive interconnections should be as small as possible. Electrical
interconnections have to be thermally stabilized by using a copper stabilizer which is
electrically insulated but has a good thermal connection to a heat exchanger. At an
operating current of I = 855A and a splice resistance R = 10 nΩ the required cooling
power is
P = RI2 ≈ 10mW. (4.2)
The resistance for galvanic copper deposition was measured with the standard CERN
resistance set-up with Nb-Ti loops [142]. This set-up could not be easily adapted for the
resistance measurement of brittle Nb3Sn interconnections. Therefore, the Nb3Sn probes
were measured by using the four-point probe method in the self-field up to a current of
1000A. In wiggler magnets, the interconnections can be placed in areas with low external
field. All Nb3Sn probes were prepared by using the OST RRP Nb3Sn strand presented
in Table 4.1.
4.5.1. Galvanic copper deposition
The splices discussed in this subsection were produced by using copper pulse plating.
A cross-section of the reacted RRP strand is shown in Figure 4.6, which reveals that
the thickness of the Nb-Ta barrier is roughly 0.5µm, and locally less than 0.1µm. A
metallographic cross-section of the joint is shown in Figure 4.7. Through deposition of a
Cu layer, about 1.2mm thick, intimate contact between both strands is achieved over the
entire cross-section, except in the center part, where a gap of approximately 0.6mm length
is present between the two strands. The minimum distance between the superconducting
filaments in the opposing strands is about 0.4mm, and the width of the gap between both
strands is 0.6mm.
During a 695 ◦C heat treatment, the Vickers hardness of the Cu deposit changes from
HV2.0 = 120 ± 2.7 to HV2.0 = 33.6 ± 1.5 . The Cu annealing is very likely accompanied
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Figure 4.6.: Sub-element cross-section of reacted Nb3Sn RRP strand imaged with electron
microscope; see author’s paper [141].
Figure 4.7.: Galvanic copper deposition: sample (left) and cross-section (middle and right);
see author’s paper [141].
by a strong increase of the RRR.
Resistance measurements were performed with a test loop made of a Nb-Ti/Cu strand
(see Figure 4.7) that was joined at both ends by electrolytic Cu deposition. From the
measured decay constant of 60 s and the loop inductance of 0.6µH [142], a resistance
of 10 nΩ at 4.2K was determined for the joint produced by electrolytic deposition of a
1.1mm thick Cu layer with a strand overlap length of 3 cm. This joint resistance was
achieved despite the comparatively large gap width of about 2.3mm remaining between
both strands (see optical micrography in Figure 4.7).
4.5.2. Soldering
Nb3Sn strands were reacted in glass tubes to keep them straight. The reacted strands
were soldered onto 1-5 cm long Cu plates by using a soldering gun (Figure 4.8). If
needed, additional fluxing agent was used to obtain good solder wetting and spreading.
Interconnections by using soldering can be produced only after heat treatment due to the
low melting point of soft solders.
In order to investigate the influence of the resistivity of the solder on the overall joint
resistance, lap joints of Nb3Sn/Cu strands were produced by using the two solders S-
Sn96Ag4 (ρ(4.2K) = 1.05 nΩm [143]) and S-Sn77.2In20Ag2.8 (ρ(4.2K) = 90 nΩm [143]).
The samples were installed in a cryostat and immersed in liquid helium boiling at 4.2K,
and a current of 1000A was applied. The voltage across the splices was measured at
the voltage taps by using a nano-voltmeter [144]. The resistance results of the lap
joints with different overlap lengths measured at 1000A produced with S-Sn96Ag4 and
S-Sn77.2In20Ag2.8 solder alloys are summarized in Figure 4.9.
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Figure 4.8.: Measurement set-up for soldered connections (S-Sn96Ag4).
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Figure 4.9.: Left: Soldered lap joints (solder alloy: S-Sn96Ag4). Right: Soldered lap joints
(solder alloy: S-Sn77.2In20Ag2.8).
The resistance R behaved as expected:
R =
r
l
, (4.3)
where [r] = 1Ωm is the normalized resistance, and [l] = 1m the length of the lap joints
between 1 cm and 5 cm. We find that for S-Sn96Ag4, r = (36 ± 9.8) · 10−2Ωm, and for
S-Sn77.2In20Ag2.8, r = (737 ± 217) · 10−2Ωm. Figure 4.10 shows a cross-section of a
soldered splice.
4.5.3. Electromagnetic pulse welding
In electromagnetic pulse welding (EMPT), a loaded capacitor is connected to a LCR
circuit. At time 0 of the discharging, the capacitor contains all stored energy of the
circuit, in between 8 and 160 kJ. The current starts to alternate with its eigenfrequency
between a one layer solenoid with small inductance and the capacitor. The eigenfrequency
of the circuit is between 6 and 30 kHz; that is, within several micro seconds, the current
Figure 4.10.: Cross-section of two strands connected by using S-Sn96Ag4 solder (sample
#3); see author’s paper [145].
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Figure 4.11.: Left: Schematic of the electromagnetic pulse welding process. The one layer
solenoid (blue), the field former (copper) and the workpiece (pink). Right: Field former
with a diameter of 4mm and a length of 15mm [146].
Figure 4.12.: Cross-section of probe 3a manufactured by electromagnetic pulse welding;
see author’s paper [145].
increases from 0A to values of around 820 kA. Therefore, the flux change is drastic, and
a current is induced in the conductive work piece. The resulting Lorentz force acts on the
work piece away from the coil and accelerates the work piece to velocities up to 170m/s,
causing cold welding when impacting on an inactive second work piece. After the first
half-wave, the joining process is completed [146]. Figure 4.11 (left) shows the principle.
To allow working on different geometries with the same coil, an easily exchangeable field
former is used (Figure 4.11 (right)).
The joining process can be carried out only before the heat treatment because this
process involves local deformation of the strand to weld the copper driver and the two
strands together (Figure 4.12). In [147], it is reported that the OST RRP strand can be
deformed by around 30% without any major negative impact on the critical current.
Two fundamental different concepts were tried: (1) direct joining of two strands with
a copper tube as shown in Figure 4.13 (top left) with an overlap length of 1 cm; four
different set of parameters were investigated, and (2) the Nb3Sn/Cu splices were placed
on a bolt, and a bushing was welded onto the bolt with an overlap length of around 1.6 cm
(Figure 4.13 (top right and bottom)).4 Probes 3 and 4 and the probes manufactured by
using a bolt and a bushing (probe 5) showed the best results. For probe 3, a zero distance
between the field former border to the brushing border was used, whereas for probe 4, a
distance of 8mm was used. Table 4.6 summarizes these measurement results.
4The probes were manufactured at PSTproducts GmbH, Alezenau, Germany by using the pulse gener-
ator PS80-10.
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Figure 4.13.: Top: Measurement set-up for measuring the resistance of samples produced
by EMPT. Bottom: Bolt for joint #5. As bushing, a 2mm thick tube with an outer
diameter of 20mm and a length of 20mm was used; see author’s paper [145].
Table 4.6.: Best measured resistance for lap joints manufactured by using electromagnetic
pulse welding; see author’s paper [145].
Sample l [cm] R [nΩ]
3a 1 3.6
3b 1 5.9
4a 1 6.2
4b 1 8.8
5a 2 11
5b 2 6.3
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4.5.4. Discussion and conclusion
COMSOL Multiphysics calculations [145] were performed for the tested probes with di-
mensions taken from cross-sections. The following conclusions can be drawn:
• Galvanic Cu plating is in principle able to achieve a resistance of 6 nΩ per 1 cm
overlap length, without the need for mechanical work on the strand.
• The 4.2K resistance of the lap joints produced by soft soldering with S-Sn77.2-
In20Ag2.8 was about only 20 times higher than the resistance of splices with the
same geometry produced with S-Sn96Ag4. However, the 4.2,K resistivity of S-
Sn77.2In20Ag2.8 was about 170 times higher than that of the S-Sn96Ag4 solder.
• For splices soldered with S-Sn96Ag4, the calculated resistance was about five times
smaller than the measured one. This increased resistance may be explained by the
increased resistance in the intermediate layer between the copper and the solder
alloy, for example, due to the imperfect wetting and spreading of the solder alloy
over the entire lap joint length.
• Soft soldering with tin is subject to cold embrittlement because the tin undergoes a
phase transformation at around −30 ◦C [148, 149]. The ultimate tensile strength Rm
of S-Sn96Ag4 is around 32MPa (elongation 25%) at room temperature and 74MPa
(elongation <1%) at 77 K, and 82MPa (elongation <0.1%) at 4.2K [149, 150, 151].
However, the mechanical stress remains small in the splices, and the operation of
the magnet is static; therefore, no damage is expected if a Sn-solder is used.
• Welding between the splice Cu parts is achieved by EMPT using Cu cones. A
possible enhancement would be to place the two superconducting strands adjacent
to each other at a distance of about 1.5 mm. For this configuration, the overall
4.2 K splice resistance potentially decreases from 7.5 nΩ to 4.4 nΩ (with an overlap
length of 2 cm).
• The resistance of the EMPT splices with the Cu cones can be precisely calculated
when assuming that the joint resistance is determined only by the resistance of
the Cu between the superconducting filaments. This result confirms that the wires
were indeed welded onto the cones, as was also shown by the peel tests before the
heat-treatment.
• It can also be concluded that the thin Nb-Ta diffusion barriers in the OST Nb3Sn
RRP strand did not strongly influence the joint resistance. Therefore, the measure-
ment results of the galvanic probes performed with Nb-Ti/Cu lap joints are also
representative for Nb3Sn joints.
• The resistance of lap joints produced by EMPT was higher than the calculated
resistance, indicating that the wires were not completely welded. The peel tests
after removing the bushes showed that wires were not well welded throughout the
entire length.
• Strand degradation should be acceptable when splices can be placed in low-field
areas. Also, it is reported in [147] that the OST RRP strand can be deformed by
around 30% without any major negative impact on the critical current.
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• The probes manufactured with EMPT using Cu cones can be thermally stabilized
by foreseeing a hole in the center of the cone and filling it after the heat treatment
with an epoxy paste filled with Gd2O2S powder and fine Cu stripes. Gd2O2S powder
has at 4.2K a large volumetric specific heat (≈ 1.1 × 106 Jm−3K−1 at 5.2K, Cu:
1460 Jm−3K−1) but relatively small thermal conductivity (≈ 5Wm−1K−1 [152], Cu
(RRR 100) ≈ 940Wm−1K−1 at 6K ); see also section 4.3.1. The copper stripes
may establish high heat conductivity throughout the filled epoxy.
Electromagnetic pulse welding, was used to join the Nb3Sn/Cu strands before the heat
treatment, which achieved resistance values below 10 nΩ after reaction for the splice with
1 cm overlap.
It has been shown that the resistance of soldered splices is strongly dependent on the
solder bulk resistivity. Using a low resistivity solder (S-Sn96Ag4) resistance value below
40 nΩ for 1 cm overlap length can be achieved.
It has been shown that pulsed Cu plating is in principle able to achieve low resistance
and mechanical reinforcement of the strands.
4.6. Permeability of iron before and after heat treatment
For measuring the permeability before and after the heat treatment of the used iron
(99.99% pure Fe called Armco), the CERN measurement device developed by [153] with
updated acquisition electronics [154] was used (see Figure 4.14).
The average field for a sample with inner radius r1 and outer radius r2 excited from a
coil with N1 windings with a current I can be calculated by using
H =
1
r2 − r1
∫ r2
r1
N1I
2πr
dr =
N1I
2πr0
, (4.4)
where r0 =
r2 − r1
ln (r2/r1)
.
If excited, the magnetic flux density can be directly integrated from the voltage mea-
surements U(t) over time t by using Φ = − 1
N2
∫
U(t)dt. Next, the average magnetic flux
density in the sample can be calculated by using
B =
1
As
Φ +
(
1
Ac
− 1
As
)
Φ0, (4.5)
where As is the area of the sample’s cross-section, Ac the area of the coil’s cross-section, N2
the number of windings of the measurement coil, Φ the flux measured with the sample, and
Φ0 without the sample but the same current excitation profile. The relative permeability
µr can then be calculated by using
µr =
B
µ0H
, (4.6)
where µ0 = 4π · 10−7H/m.
After the heat treatment (see Table 2.5), the samples showed a higher permeability,
which revealed that less imperfections are present due to the annealing (see Figure 4.15).
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Figure 4.14.: CERN’s permeameter.
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Figure 4.15.: Permeability measurements before and after thermal cycle (TC) [155].
4.7. Compressive E-Modulus measurements
The elastic moduli of anisotropic quadratic-shaped potted Nb3Sn strand bundles were
measured with and without an Armco mold in liquid helium at atmospheric pressure.
The samples were prepared as follows (Figure 4.16):
• OST RRP Nb3Sn strand (Table 4.1), insulated with S-glass insulation, starch oil
sizing, was wound as racetrack coil (straight section 100 mm), heat-treated (Table
2.5) and cut into 100-mm-long straight wires.
• The strands were arranged in an aluminum mold (20 × 20 strands), which was sealed
and tested to be tight-leak. Then, the strand bundle was potted with Formulation
#1 (Table 4.4).
• The samples were cut in the mold into four quadrates, by using a cut-off wheel, and
then were rectified by milling (approximately 20 · 20 · 20mm, with a parallelism of
±5µm).
At Air Liquide, Sassenage, the samples were measured by applying area pressure on
the top surface of up to 125MPa (force of 50 kN, maximum of assembly, calibrated for
relative measurements) with an Instron 100KN/8800-MK4582 reference machine. The
resulting displacement was measured with an extensometer (MTS-SN347-25mm). The
whole measurement set-up was immersed in liquid helium at atmospheric pressure.
Four tests were performed, two tests for each direction (vertical and longitudinal), one
with and one without the iron (Armco) mold. The velocity of the upper plate for applying
pressure was set to 0.25 mm/min after some initial tests and 30 MPa/min for the hysteresis
loop.
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Figure 4.16.: E-modulus measurement at 4.2K. Measurement machine (left), sample
holder and extensometer (middle top), iron mold with sample (top right), vertical (left
and right) and longitudinal arranged samples (bottom).
The tests with the mold can be summarized as follows: For the longitudinal test, the
extensometer measured a sudden unexpected change of the displacement to 0, at a stress
of around 113 MPa. Therefore, the test was stopped to check the extensometer. For
the vertical test, at a pressure of around 115MPa, again a sudden change in the slope
of the stress-strain curve was observed, and again the set-up was checked. The optical
inspection of the sample did not show any major damage.
These first two tests revealed that the samples were surprisingly solid. Therefore, the
remaining two probes were tested without using the mold. A total of three cycles were
performed for each sample: two cycles (0 to 80MPa) including a hysteresis loop (80
MPa to 10MPa) and a third cycle (0 to 125MPa limit due to the maximum force of the
machine). The samples did not show any damage after optical inspection. The second
and third stress-strain curves were identical and showed higher elastic moduli than the
measurements performed on virgin samples. The test sample was not totally elastic, and
the plastic deformation happened in the first cycle. This behavior is well known for many
materials.
As expected, the longitudinal moduli were smaller because these moduli were deter-
mined by the fiber-glass epoxy mixture. The moduli increased until 70MPa and did
not change until 90MPa; for larger pressure values, the moduli increased slightly until
110MPa, where the slopes became larger. A possible explanation of these results is that
the wire bundle was compressed, then at 70MPa a region was reached where the compres-
sive elastic moduli were determined mainly by the fiber-glass reinforced epoxy (in between
70 to 90MPa). Above 90MPa, the elastic moduli became larger, showing that the hard
Nb3Sn strand contributed more to the elastic modulus, which leads to the conclusion that
this regime is undesirable for the operation of superconducting magnets.
For the vertical samples, the moduli were larger and for pressures above 70MPa, the
elastic modulus remained unchanged. These findings show that for pressures above
70MPa, the moduli are determined mainly by the Nb3Sn strand. The pressure in the
vertical direction should stay smaller than that in the longitudinal direction. For pres-
sures smaller 30MPa, it was difficult to extract data for the moduli because the samples
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were rigid and, therefore, extremely sensitive to manufacturing tolerances at low pressure.
The lower elastic modulus for the probes measured in molds is believed to be due to
the imperfectly flat bottom of the mold-sample system. The first sample showed slight
damage at the edge. Therefore, it is believed that most deformation took place at the
bottom of the molded samples, falsifying the measurement results. The measurement
results are presented in Figures 4.17.
4.8. Rectangular Nb3Sn strand
The filling-factor (conductors/mm2) for rectangular wires with the same conductor/in-
sulation ratio compared to round wires (0.8mm bare, 0.94mm insulated) is around 16%
better, yielding a larger magnetic flux density amplitude. Therefore, the round strand was
rolled into a rectangular shape5 (Figure 4.18). Afterwards, a short sample was measured,
and the critical current was degraded by 5% [79]. The RRR was 300, which is similar to
that of the undeformed strand. This result is in line with the result of [147], in which the
authors performed a detailed study of the damage of the strand when rolled. They found
that the OST RRP strand could be deformed by around 30% without any major negative
impact on the critical current.
4.9. Nb-Ti wiggler short models
As our baseline design, Nb-Ti wigglers fulfilling the specifications of the CLIC damping
rings were tested. Table 4.7 presents the main parameters of the two successful short
models. These parameters are based on the ring optimization presented in [5]. The
wiggler prototype parameters are based on the latest ring optimization [16]. As a pre-
test for the damping wiggler development, the presented short model was manufactured
and tested. Figure 4.19 (left) shows the load line of the short model. The short sample
currents Ic are approximately 730A and 930A at 4.2K and 1.9K., respectively. Figure
4.19 (right) illustrates the magnetic flux density on the mid-plane in the xz-plane. The
field integrals of the short model was minimized by using a coil with a half number of
windings at the extremities of the wiggler.
Figure 4.20 (left) shows the equipotential lines through a cross-section in the yz-plane
and the Lorentz force (right). The wire bundle was contracted and had a resulting force,
which compressed the wire bundle against the iron yoke. Structural ANSYS 3D and
Opera 3D calculations (see Figure 4.21 (left)) showed that the strain and stress due to
the Lorentz forces in the coils remained small even without clamping structures and that
the stress was always compressive (see also chapter 3). Only the compensating coils at
the extremities needed reinforcement with stainless steel plates to compensate for their
forces (see Figure 4.21 (right)).
The stored energy in the short model at the operating current amounted to approxi-
mately 1 kJ. Therefore, no special measures for quench protection were necessary.
Figure 4.22 shows some manufacturing steps of the short model. The central post and
poles were manufactured separately by using soft iron plates with a thickness of 14mm
and 5.8mm. These plates were bolted together during the process of winding. The
rectangular Nb-Ti LHC corrector superconducting wire #3 (Dimension: 0.73× 1.25mm2
(insulated), 0.61×1.13mm2 (bare), Cu/Sc volume ratio 1.8, filament diameter 6 to 7 µm)
5The rolling operation was carried out by the University of Geneva.
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Figure 4.17.: E-modulus measurements of potted Nb3Sn strand at 4.2K. Longitudinal
measurements (two top) vertical measurements (two bottom).
72 4 Experimental studies and manufacturing methods
Figure 4.18.: Square RRP strand. Rolled to a rectangular
shape from its round precursor at the University of Geneva
[54].
Table 4.7.: Parameters of short models.
CERN CERN-BINP
Period, mm 40 50
Stored Energy, kJ 1 10
Gap, mm 16 20
Bw, T at 4.2K 1.9 2.2
Bw, T at 1.9K 2.4 -
Ic at 4.2K, A 730 700
Bs at 4.2K, T 4.8 6.5
Ic at 1.9K 910 -
Cu/Sc ratio 1.8/1 1/1.5
# poles 6 8
Strand LHC #3 [156] Bochvar Institute [157]
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Figure 4.19.: Load line of the 40-mm-period Nb-Ti wiggler (left). Wiggler’s magnetic flux
density B at 4.2K (red) and 1.9K (blue) for a gap of 16mm (right).
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Figure 4.20.: Equipotential lines (left) and force distribution (right) in the cross-section
of the wiggler’s wire bundle.
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Figure 4.21.: Strain at 4.3K and operating current in the wiggler (left). Resulting forces
(black arrow) in the cross-section of a wiggler.
was used [156]. The winding direction had to be reversed after the completion of each
winding block to achieve an alternating current direction (see Figure 4.22). Therefore, the
wire was turned through a loop in a groove located in the pole plate. Care was taken to
pack the wire bundle as densely as possible to minimize the voids that might have cracked
the epoxy resin, subsequent causing quenches. A mold was used to pot the wiggler. The
mold compressed the wire bundle and pressed it into the groove to remove all remaining
voids in the wire bundle. For electrical insulation 0.11mm and 0.25mm thick, Nomex R©
sheets were used (achieved insulation: 127MΩ at 150V, 60 s).
A magnetic mirror configuration was used to test half of the wiggler as shown in Figure
4.22 (right). Nine Hall probes were glued on the magnetic mirror for the field measure-
ments at 4.2K.
Figure 4.23 shows the training characteristic of the wiggler. A training quench occurs
when the coil windings move slightly under the influence of electromagnetic forces and
pressure changes during excitation. This process may result in significantly higher fields
at subsequent quenches. After 12 quenches, the short sample current Iss of 730A, which
corresponds to 730A/mm2, was achieved at 4.2K. After cooling down to 1.9K, the current
could be increased to 910A and was very close to the expected short sample current.
This increase shows the wiggler’s mechanical stability. After a thermal cycle to 293K
and another cooling down to 4.2K the same critical current was reached after only one
quench.
Figure 4.23 (right) shows a continuous Hall probe measurement during ramping at a
pole at 4.2K and 1.9K. At 1.9K, a magnetic flux density of 2.42T was reached.
For this research project, a collaboration with BINP (Budker Institute of Nuclear
Physics in Novosibirsk, Russia) was established. This institute has built a Nb-Ti su-
perconducting wiggler which reached only 60% of the critical current, that is, a maximum
mid-plane flux of 1.6T instead of 2.5T. The main reason for the lower performance was the
use of G11 (reinforced glass fiber) spacers, which have a much higher thermal contraction
than iron.
Therefore, we proposed to build a second short model wiggler without using G11 spac-
ers. The main parameters of the short-model wiggler are presented in Table 4.8. The
central post was machined from one piece of iron. The wire transition was achieved by
mounting a G-11 plate on top of the poles after the winding of the corresponding bundle
was completed. The wiggler was then turned by 180 degrees, and the next coil was wound
in the opposite direction. Figure 4.24 shows a photograph of the final wiggler.
74 4 Experimental studies and manufacturing methods
Figure 4.22.: Manufacturing process of short model wiggler. Measurement configuration
of wiggler in mirror configuration (bottom right); author’s paper [158].
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Figure 4.23.: Quench training (left). First measurement series at 4.2K (•), second mea-
surement at 1.9K (N), third measurement at 4.2K after thermal cycle to 293K (o).
On-axis amplitude magnetic flux density Bw versus current I (right).
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Table 4.8.: Main parameters of Budker INP short model wiggler [159].
Period, mm Magnetic field, T Gap, mm Design Current, A Current Margin, %
50 2.5 20 660 5
Turns, # Layers, #
28, 146, 289, 341, 289, 146, 28 2, 10, 19, 22, 19, 10, 2
Figure 4.24.: Wound and potted short-
model wiggler magnet [159].
The load line for the strand parameters given in Table 4.1 is presented in Figure 4.25
(left). Figure 4.25 (right) shows the results of the training of the wiggler. After a thermal
cycle, the first quench occurred at a current of 582A. The second quench occurred at 673A
and therefore, well above the operating current of 660A. The training of the wiggler was
very long because of the fast ramp-rate, which causes large inter-filament coupling currents
in the Nb-Ti strands.
In the matching coils, large forces occur which are directed towards the extremities of
the wiggler. In the current design of the short model, no pre-stress can be applied to
compensate for these stresses, and, further, the mechanical stability of the wire bundle of
the matching coil in not fully filled grooves is believed to be poor. Therefore, the quench
performance may be improved by an appropriate clamping structure. As stated before,
field enhancements in the end-coils can be reduced by using a non magnetic-material.
However, experience has shown that introducing a mix of materials with different heat-
expansion coefficients may cause premature quenches of the magnets due to unloaded and
unsupported wire bundles. Further improvements can be obtained by reducing the depth
of the iron grooves. In the present design, the mid-plane magnetic flux density is limited
to Bw = 2.2T instead of the required Bw = 2.5T, because of too deep grooves. However,
the mechanical structure and the field on the conductor will be almost unchanged by the
upper grooves. A wiggler with adapted grooves but otherwise identical design will meet
the specifications of CLIC damping rings; however, the magnet will operate at 95% on
the load line [31].
4.10. Nb3Sn wiggler short models
This section summarizes and discusses the design, manufacturing, and test results from
the two trial coils and one short model wiggler magnet wound with Nb3Sn strands. The
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Figure 4.25.: Load line of the BINP short-model wiggler in black (left). The yellow,
dashed line shows the short sample current, and the dashed blue line shows the operating
current. The measured short-sample current is shown in pink. Training curve of the BINP
short-model wiggler (right) [159].
aim of the research presented in this section is to show the feasibility of such magnets.
4.10.1. Vertical racetrack wiggler: Nb3Sn trial coil
As a first step towards building the damping wigglers by employing Nb3Sn wire technology,
a trial coil, shown in Figure 4.26 (left), was manufactured and tested. This process
involved the following stages:
• Manufacturing of the iron pole, MACOR insulation plates and Cu connection plates.
• Atmospheric Al2O3 plasma spraying of the Fe pole for electrical insulation.
• Winding by using the Oxford Instrument Technology (OST) Restacked Rod Process
(RRP) strand with a diameter of 0.8mm, billet number 7419, insulated with S-glass
braid insulation, sizing agent: starch oil.
• Assembly of heat treatment mold to apply pressure on the straight part of the coil.
• Heat treatment: 205◦C for 72 h, 400◦C for 48 h, 695◦C for 17 h.
• Assembly of impregnation mold.
• Impregnation with Araldite MY740, Aradur HY906, Accelerator DY073, curing
cycle: 8 h at 80◦C and 20 h at 120◦C.
• Assembly of stainless steel (316 LN) pieces and aluminum ring for application of
pre-stress.
The Lorentz forces have a different magnitude and direction in the case of a single coil
compared to the forces in a periodic wiggler structure. Therefore, a mechanical retaining
structure, shown in Figure 4.26 (right), had to be used for testing the coil. Figure 4.27
(left) presents the von Mises stress of the assembled coil after cooling down from room
temperature. The aluminum ring has at room temperature the same inner diameter as
the outer diameter of the four 316 LN stainless steel parts. Figure 4.27 (right) presents
the field distribution on the conductor for the maximum current reached during the test.
The maximum field on the conductor is similar to that in a wiggler magnet with a period
length of 40mm.
Figure 4.28 shows the quench currents I versus the field on the conductor B of the
Nb3Sn trial coil. Notice that the first quench was triggered at a current level close to the
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Figure 4.26.: Trial coil during manufacturing (left). Test coil in retaining mechanical
structure (right).
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Figure 4.27.: Left: Retaining structure. Von Mises stress in MPa. Right: Surface magnetic
flux density of vertical trial coil at 1194A (maximum reached current at 1.9K.
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Figure 4.28.: Loadline of vertical trial coil. Short sample measurements (•) (measure-
ments from [63]) and quenches (N).
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Figure 4.29.: Perturbations during the powering of the magnet with a ramp-rate of 1A/s.
T = 4.3K (left). T = 1.9K (right).
short sample current limit. The improved quench performance compared to the Nb-Ti
short model can be explained by the increased enthalpy margin of a Nb3Sn coil and by
the instability-driven limitation of the maximum quench current, which is well below the
critical surface. Nevertheless, care has to be taken during coil winding so that the coil
is densely packed, because the Lorentz force is directed towards the center of the wire
bundle (see Figure 4.20) and results in a coil contraction during excitation.
Figure 4.29 presents the measured voltage across the coil at a constant ramp-rate of
1A/s. As explained in the last paragraph, the coil is operated in the instability area of
the superconducting material, where the flux-pinning force FH is not sufficient to pin the
flux-vortices. Strand measurements have shown that at 1.9 K, the “self-field instability”
is the dominating mechanism that limits the performance of high-Jc wires, while the
magnetization instability does not play a significant role. The minimum quench current
due to the self-field instability is on the same order at 1.9 K and 4.2 K [160]. The noisy
signal at 1.9K and the fact that the maximum measured quench current at 1.9K is only
about 2% higher shows that the quench current is close to the self-field stability current.
The quench current is much smaller than the critical current. The critical current indicates
the maximum current which can be reached for a certain field on the conductor, strain,
and temperature; see Figure 4.28, black line, for 4.2K and 1.9K and zero strain. Possible
improvements for reaching the critical surface are discussed in section 2.4.
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Figure 4.30.: Quench propagation in trial coil at different currents at 4.2K and 1.9K.
The observed quench propagation velocity was much slower at 974A than at 1132A
(see Figure 4.30). In the first phase of a quench, current sharing is present. Current-
sharing denotes the continuous commutation of the current from the superconducting to
the normal conducting fraction of the strand [161]. To study current sharing, we varied
the temperature and calculated iteratively the fraction of the current flowing in the su-
perconductor Is and in the copper matrix ICu, where the total current is I = Is+ICu. The
voltage drop over the superconductor is given by U = U0(Is/Ic)
n, and the resistance of the
copper is a material property depending on the temperature, RRR, and applied magnetic
field B. Figure 4.31 shows the result of the study. A copper-to-superconductor ratio of
approximately 1, a residual resistivity ratio (RRR) of 250, and an n-value of n = 70 was
assumed. The dissipated power density is well approximated by P (I)/V = ρ(I)J2, where
J denotes the applied current density, ρ the electrical conductivity, and V a reference
volume [162]. In the case of a higher operating current density, the power dissipation
sets in at lower temperatures and reaches higher values. The associated quicker voltage
build-up reduces the time until the quench is detected (section 3.7) and can, therefore,
reduce the quench load and, consequently, the hot-spot temperature. The quench load at
4.3 K and 1.9 K is in the range of 13–18.3 kA2s. The residual-resistivity-ratio (RRR) of
the strand is around 250. This quench load relates to a hot-spot temperature of around
300K (Figure 4.32).
No degradation of the coil’s quench performance was observed over three thermal cycles
and the total of 21 quenches. After the training of the magnet at 1.9K and one thermal
cycle, the quench current at 4.2K and 1.9K reached almost the same level of> 1100A. The
results of this trial-coil testing show that the use of Nb3Sn superconducting material (with
its higher enthalpy margin and higher critical current density) is within the technological
reach of wiggler magnets. Wiggler magnets are particularly suited to this application
because of the favorable force distribution, the short unit lengths of wire required, and
the modular assembly and heat-treatment of the wiggler.
4.10.2. Horizontal racetrack wiggler: Nb3Sn trial coil
To investigate the feasibility of horizontal racetrack wiggler magnets, a trial coil was de-
signed, built and tested. A magnetic optimization study was performed, and the param-
eters of the coil were chosen as presented in the drawing in Appendix A. An optimization
goal was the achievement of large bending radii in the end-coils. The period length of a
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Figure 4.33.: Nb3Sn horizontal racetrack wiggler coil (left), assembled in a mechanical
support structure (right).
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Figure 4.34.: Force distribution in the test coil. Similar force
distribution as in a periodic wiggler structure.
wiggler built with this coil would be λw = 50mm. The manufacturing process was similar
to that described for the vertical racetrack test coil. However, the mechanical support
structure was built by stainless steel plates retaining the straight parts of the racetrack
coil. The two stainless steel plates were bolted together with Copper-Beryllium6 tie rods.
A picture of the impregnated coil with and without mechanical supporting structure is
shown in Figure 4.33.
The force distribution of the test coil while being powered is shown in Figure 4.34. At
room temperature, a pre-stress of 30MPa was chosen and applied by using a hydraulic
press. To verify the pressure applied to the coil, the Fuji Prescale Measurement Film, a
single-sheet type for medium pressure, was used (Figure 4.35). At the coil-ends, pressure
of the order of 40MPa was measured, whereas in the center of the coil, the measured
pressure was around 25MPa. The measurements coincide with simulations shown in
Figure 4.36. However, small defects in the impregnation were observed on the left side of
the coil. These defects arose when holes of the iron yoke were filled with plasticine with
the aim to prevent them from filling up with epoxy during impregnation. The plasticine
was partly sucked into the coil, resulting in the observed small defects in the impregnation.
6Cu-Be 1.9, ISO 1637 - UNS C17200 - ALLOY 25
Figure 4.35.: Pressure measurement during assembly. Fuji Prescale Measurement Film
[165], single-sheet type for medium pressure (calibration curve B). Left side (left) and
right side (right) of the coil.
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Figure 4.36.: Left: Von Mises stress at warm. Right: First principle stress at cold with
full excitation following the calculation method outlined in [82].
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Figure 4.37.: Magnetic flux density on the
conductors at maximum current (current
in conductor 1429 A).
The horizontal trial coil was immersed in liquid helium boiling at 4.2K. First, the coil
was charged from 0 to 1000A with a ramp-rate of 3.5A/s. Then, after a 2-5min waiting
time the coil was charged from 1000A to 1300A with a ramp-rate of 3.5A/s, and finally,
after a waiting time of 2-5min it was charged until quench with a ramp-rate of 1A/s.
The field on the conductor at the maximum current is shown in Figure 4.37.
The load line and the quench history of the coil is shown in Figure 4.38. Short sample
current could be reached. However, due to the short period length and the small zw/λw
ratio, the load line passes very close to the instability area. Therefore, some pre-mature
quenches of the coil could be observed.
After a quench, the wiggler magnets have to be ramped as fast as possible. Therefore,
ramp-rates in between 3.5A/s and 63A/s were applied (Figure 4.39). In consideration
of the probability that eddy currents were heating up the coil during the ramping, the
quench current for these ramps was between 1082A and 1311A. In order to re-cool the
coil to reach the short sample current, a pause of 2-5min had to be scheduled. After these
measurements, the coil again reached the short sample current (1400A) with the ramping
procedure described in the preceding paragraph.
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Figure 4.38.: Load line (top): Short sample measurements (•) (measurements from [63])
and quenches (N). Quench history before and after thermal cycle (bottom).
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The quench load can be calculated with 15.7 kA2s at 1400 A and 12.2 kA2s at 922A.
The hot spot temperature can be estimated by using Figure 4.32 and is around 400K.
After 26 quenches, the coil still reached the short sample current. No visible defect could
be observed on the coil after the warming-up-process. The total stored magnetic energy
at 1400A was around 650 J.
The Nb-Ti short model test with a period length of 50mm (see subsection 4.9) suggested
that the maximum field amplitude for a Nb-Ti wiggler with a gap of 18mm and a period
length of 50mm is Bw = 2.8T (scaled by the author). A wiggler built with coils like those
presented in this subsection would reach Bw = 3.4T. The layer jump
7 was placed in the
straight section and caused a reduction in the filling factor. Therefore, the current density
was reduced leading to a limited increase in the field of the measured Nb3Sn horizontal
trial coil. Superconducting Nb3Sn horizontal racetrack wigglers are within technological
reach. However, the packing factor could be improved by placing the layer jump in the
end-coils with the aim to potentially increase the maximum field amplitude by up to 35%.
Further, one of the recently developed more stable Nb3Sn strands could be used to avoid
pre-mature quenches [72].
4.10.3. Vertical racetrack wiggler: Nb3Sn short model magnet
After the successful tests of the trial coils, a vertical short model wiggler with a period
length of 41.8mm was wound by using the OST RRP strand (Table 4.1). The model
was tested in mirror configuration. The magnet design is similar to the one presented
in section 4.9 for the Nb-Ti short model. The manufacturing drawings are presented in
Appendix B. To ease the winding process, the wiggler’s top was slightly rounded (inner
radius is 443.17mm). The top radius hardly changed the field and force distribution. The
von Mises stress at the critical current (1290A) is shown in Figure 4.40 (left). The von
Mises stress is below 50MPa at the critical current and accordingly smaller for smaller
currents. The maximum surface field at the critical current is 9.72T. Figure 4.40 (right)
shows the surface field of the conductor at a current of 900A.
The manufacturing process is similar to that described for the Nb-Ti short model wiggler
and the Nb3Sn trial coils in section 4.9 until subsection 4.10.2. For illustration, the most
important steps are depicted in Figure 4.41. During the heat treatment, a systematic
vertical temperature gradient in the furnace volume occurred. At 205◦C and 400◦C, a
temperature difference between the highest and the lowest temperature of around 10◦C
was observed. At 695◦C, this difference was reduced to around 6◦C. This experiment was
the first time that such a large coil was treated in this oven. It is not believed that this
small temperature gradient led to a major difference in the superconducting properties of
7The layer jump is the jump of the strand from one layer to the next necessary after winding a layer.
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Figure 4.40.: Left: Von Mises stress in short model current at critical current. Right:
Surface magnetic flux density on the coils at 900A.
the different sections of the coil.
The insulation with a plasma spray could not be applied everywhere in the grooves
due to limited accessibility. Therefore, additional glass-fiber and ceramic (as described in
section 4.3.3) was used to insulate the strand towards the iron. Before the heat treatment,
the insulation was in the range of MΩ. However, this insulation was reduced after the
heat treatment to around 60Ω,8 which was expected to be restored after impregnation.
However, after impregnation, the resistance remained unchanged.
The test of the short model wiggler was performed in a cryostat of the Karlsruhe
Institute of Technology (KIT) called CASPER (Characterization Setup for Field Error
Reduction) at 4.2K. As discussed before in detail, instabilities in the Nb3Sn strand occur
during operation. This short model was wound by using a Nb3Sn strand with a length of
around 400m; therefore, the occurrence of instabilities was more likely than in the trial
coils. Figure 4.42 (top) shows the voltage over the ramping with a constant ramp-rate.
The voltage rise in the case of a perturbation is short; that is, the deposited energy is
small and cannot trigger a quench. The deposited energy at low currents especially is not
sufficient because the enthalpy margin is large.
These instabilities make it challenging for the quench detection system to separate
between a short increase of the voltage over the wiggler magnet and a quench. Taking
this difficulty into account, the detection voltage had to be increased which resulted in a
slightly larger quench load. The controller of the power supply showed a poor response
to the disturbances resulting in oscillations of around 20 s before going back to a steady
ramp-rate (Figure 4.42 (bottom)). The measurements taken at CASPER are much noisier
than those taken at CERN (Figure 4.29); therefore a direct comparison of the level of
instabilities between the trial coil and the short model is difficult.
Quenches occurred at 800A, 900A, 920A and 900A. Figure 4.43 (left) shows the
quenches and results of short sample measurements. The load line chosen was less steep
than the one for the trial coil in order to avoid the instability area. The quench load was
around 15− 16 kA2s at a magnetic flux density of around 7T. Both, the quench load and
the magnetic flux density, were smaller than the maximum values reached in the vertical
trial coil (18.3 kA2s at around 8T).
Due to the insulation failure of the magnet after the fourth quench, the training could
8Due to the residuals of the sizing agent it was expected that the insulation strength would decrease
after heat treatment, probably to kΩ.
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Figure 4.41.: Manufacturing process of short model wiggler. Top: Winding process. Upper
middle (from left to right): Copper connection plate reinforced with a stainless steel plate
to avoid deformation during heat treatment, wire crossing from connection plate to wiggler
magnet, and short model after winding. Lower middle (from left to right): Short model
wiggler with heat treatment mold, short model with partly assembled impregnation mold,
short model with fully assembled impregnation mold before gasket sealing. Bottom (from
left to right): Impregnation process, assembled wiggler magnet, cryostat.
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Figure 4.42.: Top: Measured voltage over short model wiggler during ramping and steady
operation. Bottom: Measured voltage (left bottom) and measured current (right bottom)
over and in short model after the occurance of a perturbation.
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not be finished. The quench current at the fourth quench was lower than at the third
quench because the chosen ramp-rate was larger (1.67A/s instead of 0.42A/s). Therefore,
a larger part of the current was flowing through the iron and not through the coil. This
process caused a local heating and a pre-mature quench. The failure of the coil prevented
the training of the short model wiggler from being completed.
The differential inductance calculated by using Equation 2.45 from the measurement
results (and fitted to hide the instabilities and noises) is shown in Figure 4.43 (right). The
differential inductance is large for small currents and decreases rapidly to below 10mH for
larger currents. The total stored energy calculated by using Equation 2.43, the measured
voltage and current is around 3.2 kJ at 900A.
The magnetic field on the axis was measured over the poles by using six LakeShore
Hall plates (HGT 2101) which were calibrated at 4.2K [166]. Figure 4.44 (bottom) shows
the simulated magnetic field for the short model in a mirror configuration with a gap of
16mm and the measured field values. The Hall probe placed at 10.45mm had a defect;
the measurement results are not shown in the figure. The mirror configuration worked
perfectly as long as the iron was not saturated. The amplitude of the mid-plane magnetic
flux density in the center of the gap was larger than the iron saturation induction. For
the short model, we found, first, at the current of 900A that Bx ≈ 0 and Bz . 0.15T,
and second, for a perfect mirror, Bx = Bz = 0 with simulations. To test the long-term
stability of the field, the magnetic field was measured over approximately 800 s; no drift
could be identified (Figure 4.44 (top)).
As mentioned before, an insulation failure occurred. Detailed electrical resistance mea-
surements were performed ”post-mortem” at room temperature in order to determine the
exact position of the failure. Measuring the resistance at different currents revealed a
drastic change in the resistance at a current of around 0.2A. To further determine the
point of failure, a current of 1 to 3A was applied from current lead one to current lead two,
and from the current leads to the iron. The temperature of the surface of the wiggler while
being powered was measured by using an infrared camera. The investigation revealed two
different points of failure. One failure could be found when powering current lead one and
the iron. The powering had caused one of the pole plates to heat up revealing a connec-
tion between the strand and the iron which possibly occurred in the turn-around of the
pole plates. The other failure could be found when powering current lead one and current
lead two. This failure caused one coil to heat up. The location of this failure within this
coil could not be well determined. In a superconducting wiggler magnet, failing due to
degraded insulation can occur when at least two points with reduced resistance between
the iron and the strand exist. If only one short-cut to the iron is present no current flow
through the iron can be established; hence, no damage is expected.
This test showed that Nb3Sn wiggler magnets can be built and operated. In future
wiggler magnets, all grooves will have to be insulated with appropriate plasma spray
insulation to avoid insulation failures. Even more care should be taken in the grooves
for the wire turn-around, and all hard-edges should be rounded in order to facilitate the
application of the plasma spray insulation. As well, a more stable, recently developed,
wire with smaller filaments should be used to minimize the instabilities [72]. A critical
outlook will be presented in the conclusion of this thesis.
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5. Technical design for superconducting
wiggler magnets
In this chapter, a full technical design for the CLIC damping wiggler magnet is derived.
First, all beam induced heat loads are discussed: image currents, electron clouds, and
synchrotron radiation. Second, the magnetical- and electrical-induced heat loads are
presented. Third, a cryostat design is proposed, and finally, the total power consumption
for cooling is discussed.
5.1. Image currents
Image currents occur due to the resistive wall wakefields in the beam-pipes of accelerators.
In [167], the anomalous skin effect was measured for metals with a small resistance at
high frequencies. In this regime, Ohm’s law can no longer be applied because the free
path of the conduction electrons is similar to the penetration depth of the electric field
[168].
Pure metals such as OFHC copper have at cryogenic temperatures up to a factor of
300 smaller electrical resistance values compared to the room-temperature value. There-
fore, the average power deposition, per unit length, due to the wakefield of the beam in
the extreme anomalous skin effect regime of a cold beam-pipe for aluminum or copper
(coating), is according to [169],
P/L =
Γ(5
6
)cZ0
4bπ2
I2av
σ
5
3
z ηfRF
BMat ≈ 1 W
m
. (5.1)
The presented values for the image current power deposition were calculated by using the
values given in Table 5.1.
While good conductors enter the anomalous skin effect regime at cryogenic temperatures
and high frequencies, poor conductors do not. For poor conductors such as uncoated
stainless steel or TiZrV ternary alloy, called Non Evaporable Getter (NEG) coating, the
heat load can be estimated by using the normal skin effect formula:
P/L =
Γ(3
4
)c
√
Z0√
32bπ2
I2av
σ
3
2
z ηfRF
1√
σc
& 32
W
m
. (5.2)
A material with poor conductivity is not acceptable because of its high heat load; there-
fore, all the following calculations assume a high conductivity beam-pipe, which is also
required by beam dynamics.
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Table 5.1.: Parameters for image current calculations. See Equations (5.1) and (5.2);
parameter values from [169, 2].
Parameter Value Unit Explanation
Γ( 56 ) 1.13 Gamma-function
BAl 3.3 · 10−7 m 23 Material constant, Al
BCu 3.9 · 10−7 m 23 Material constant, Cu
σc 2 · 106 Sm−1 St. steel conductivity (4.3 K)
Z0 120π Ω Free space impedance
c 3 · 108 ms Speed of light
Iav 0.15 A Average current
b 5.5 · 10−3 m Beam-pipe radius (reduced)
σz 1.4 · 10−3 m Bunch length
ηfRF 0.22 · 1 · 109 Hz Fraction of the ring
circumference occupied by a bunch train for 1GHz
312 Number of bunches
(2 trains × 156 bunches)
4.1 · 109 Bunch population
420 m Ring circumference
1.4 · 10−6 s Ring circumference
1 · 10−9 s Bunch separation
5.2. Electron cloud
The heat load estimations due to electron clouds in the electron and positron damping
rings were performed by using the ECLOUD code [170]. Figure 5.1 (top) shows the heat
load induced by electron clouds in the electron damping ring. The electron beam is not
affected by multipacting for values of δmax up to 2.4. Multipacting is a phenomenon of
resonant electron multiplication in which a large number of electrons is built-up and leads
to remarkable power losses, heating of the beam-pipe, and beam instabilities [171].
In the positron ring, multipacting appears for a secondary electron emission yield δmax >
1.3 and causes significantly strong e-cloud effects over one train passage for values above
1.4–1.5; (see Figure 5.1 (bottom)). As electron clouds cause not only heat load but
also beam instabilities, low secondary electron emission yield coating such as amorphous
carbon or surface treated grooved copper [173] is needed for the positron damping ring.
The needs for the beam-pipe coating to avoid heating from e-clouds and from image
currents are contradictory because a large electron emission yield usually means a low
resistivity of the beam-pipe coating. Surface-treated grooved copper might be one of the
solutions. The effect of e-clouds at low emittance rings is studied in detail in CesrTA
[174].
5.3. Synchrotron radiation heat load
This section presents the heat load calculation from synchrotron radiation for the beam-
pipe of the wiggler magnets, and also explains where the heat load from synchrotron
radiation is deposited. Moreover, this section presents the heat load calculations of the
synchrotron radiation absorbers. Finally, a parameter study in order to optimize the
wiggler’s length is provided.
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Figure 5.1.: Heat load induced by electron clouds in the electron damping ring (left). Heat
load induced by electron clouds in the positron damping ring (right) [172].
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5.3.1. Results of synchrotron radiation calculation
Most synchrotron radiation generated in the damping wigglers has to be absorbed at an
ambient temperature to prevent heating of the superconducting coils. Figure 5.2 shows the
principle of synchrotron radiation emission and absorption. The radiating charged particle
is moving on a sinusoidal trajectory in the horizontal xz-plane. The angles of observation
in the horizontal and vertical directions are θ and ψ. The emitted light, which will not
be absorbed by up-stream absorbers (yz-plane), shown in cones, will partly irradiate the
beam-pipe. As an example, ψmax3 is shown, which is the maximum angle at which wiggler
W3 can irradiate synchrotron radiation on the beam-pipe. The heat load on the beam-
pipe is calculated on the nodes, which are equidistantly spaced. In this example, only
the synchrotron radiation of the two last wigglers can hit the beam-pipe. Rectangular
absorbers are proposed because of manufacturing constraints. The power emitted from
the wiggler magnets is concentrated mainly within a light-cone with a small opening
angle, K
γ
≈ 3mrad. However, the distance between the first wiggler and the last wiggler
is around 80m. This distance implies that a large part of the generated synchrotron
radiation will irradiate the beam-pipes of the up-stream superconducting wigglers. A
detailed mathematical description of the calculation method is given in Appendix C.
The heat load depends on the distance between the absorbers and therefore on the
wiggler length (Table 5.2). Table 5.2 determines the choice of two-meter-long wiggler
magnets because the heat load from synchrotron radiation increases rapidly. Shorter
wiggler magnets are not chosen because each cryostat requires an approximately two
times 0.5m long cold-warm transition, which reduces the compactness of the ring. The
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Table 5.2.: Heat load on last wiggler beam-pipe after a horizontal absorber for different
wiggler lengths L.
L, m 1 2 3 4 5 6
P , W 7 40 120 280 560 980
Table 5.3.: Lattice for heat load calculation of synchrotron radiation.
Element Length, m 2sl, mm 2rl, mm Shape
Horizontal absorber
Wiggler 2 13 80 Elliptical
Transition and quadrupole 0.25 13 80 Elliptical
Absorber 0.5 13.5 12.3 Rect.
Transition 0.25 13 40 Elliptical
Vertical absorber
Wiggler 2 13 80 Elliptical
Transition and quadrupole 0.25 13.5 40 Elliptical
Absorber 0.5 9.5 12.5 Rect.
Transition 0.25 13.5 40 Elliptical
Beam-pipe (heat load) 2 13 80 Elliptical
corresponding lattice design is presented in Table 5.3.
Figure 5.3 shows the heat load distribution on the beam-pipe of the last two installed
wiggler magnets (numbers 25 and 26) downstream of the absorbers installed after the
quadrupoles were aligned with their focusing planes. The horizontal aperture of the
wiggler has to be large enough to reduce the heat load from synchrotron radiation (Table
5.4). Figure 5.4 shows the contribution of each wiggler to the total heat load on the last
and preceding wigglers. The total heat load from synchrotron radiation on the beam-pipe
downstream of a vertical absorber is less than 2W and around 40W downstream of an
horizontal absorber. The first six wiggler magnets in the straight section of the damping
rings are subject to less heat load.
5.3.2. Absorption of synchrotron radiation in the beam-pipe
The critical photon energy ǫc of the CLIC damping wiggler can be calculated by using [9]
{ǫc}keV = 0.665{E}2GeV{Bw}T, (5.3)
which yields ǫc = 16 keV.
Table 5.4.: Heat load on the 25th beam-pipe for different horizontal apertures (widths).
Width, mm 30 40 50 60 70 80
Heat load,W 62.8 47.9 43.1 40.9 39.6 38.9
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Figure 5.3.: Spatial distribution of synchrotron radiation on the beam-pipe for the 25th
wiggler with a total heat load of 40W (top) and the 26th wiggler with a total heat load
of 2W for the Nb-Ti baseline design (Units in Figure: W/mm2).
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Figure 5.4.: Contribution to the heat load from downstream wigglers on the 25th (top)
and the 26th (bottom) wiggler.
Table 5.5.: Attenuation coefficients and penetration depths for a photon energy of 5 ·
10−2MeV [175].
Material µ
ρ
, cm2g−1 ρ, gcm−3 µ, cm−1 l, cm lmax, µm
Al 0.3681 2.699 0.994 4.628 454
Cu 2.613 8.960 23.41 0.1965 19
Fe 1.958 7.874 15.42 0.298 29
94 5. Technical design for superconducting wiggler magnets
 
Syn
chr
otr
on
rad
iati
on
Beam
Maximum penetration
depth in material:
lmax
l
5K
γ
Figure 5.5.: Maximum penetration depth lmax of synchrotron radiation in different beam-
pipe materials.
0
10
20
30
40
50
60
70
5 10 15 20 25
A
b
so
rb
er
lo
ad
[k
W
]
Absorber
Figure 5.6.: Absorber load distribution in-
cluding dump at the end of the straight
section.
The measured intensity I transmitted through a layer of material with thickness l is
related to the initial intensity I0 according to the Beer-Lambert law [175]:
I
I0
= e−µ l, (5.4)
where l denotes the penetration depth. The attenuation coefficient is µ. If we limit the
transmitted energy to 1% of the initial intensity, the penetration depth can be calculated
by using l = 4.6 1
µ
. For a photon energy of 3ǫc ≈ 50 keV, the attenuation coefficients
for common beam-pipe materials and the corresponding penetration depths are given in
Table 5.5. The maximum penetration depth lmax, shown in Figure 5.5, is also given in
Table 5.5. The maximum penetration depth is much smaller than the material thickness of
the beam-pipe (1mm). Therefore, all synchrotron radiation will be absorbed in the inner
part of the beam-pipe, and no heat will be deposited directly into the superconducting
coils.
5.3.3. Absorber heat load
The absorber design was optimized such that the heat load on the vertical and horizon-
tal absorbers was approximately balanced and reached, after some 5 to 10 absorbers,
its maximum value. Figure 5.2 shows the principle layout of the absorbers, which are
water-cooled. After the last wiggler magnet, a dump is installed to absorb the remaining
synchrotron radiation. Figure 5.6 shows the heat load on each of the 26 absorbers. A
detailed mathematical description of the calculation method is given in Appendix C.
5.3.4. Optimal wiggler length
The maximum length of a periodic wiggler is constricted by the heat load, which comes
mostly from synchrotron radiation. The goal is to build a ring as compact as possible.
Figure 5.3 reveals that horizontal absorbers are not very efficient. Therefore, the following
parameter study was performed without using the horizontal absorbers to calculate the
heat load on the beam-pipe of the wigglers for different wiggler lengths.
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Table 5.6.: Lattice for heat load calculation of synchrotron radiation.
Element Length, m b, mm a, mm Shape
Transition 0.5 13 40 Elliptical
Wiggler 2-12 13 80 Elliptical
Transition 0.5 13 40 Elliptical
Quadrupole 0.4 13 80 Elliptical
Absorber 0.5 9.5 12.5 Rectangular
Figure 5.7.: Proposed FODO cell.
Table 5.6 presents the dimension of all parts of one FODO (Focusing-Defocusing) cell
as presented in Figure 5.7. The quadrupole in the cryostat can be thermally intercepted.
Table 5.7 presents the total heat load Pt, the average heat load pav per meter, and the
maximum heat load pmax per meter for different wiggler lengths L (the wiggler length is
equal to the length W1+W2; see Table 5.6). We chose a beam-pipe with high thermal
conductivity; therefore, the maximum heat load on the beam-pipe is less important as a
design parameter, and only the average heat load has to be considered.
The total heat load allowed depends on the space available for heat exchangers and
cooling power. If we define 35 W/m as the maximum average heat load1, two around
3.5m long wigglers can be installed in one cryostat.
Figure 5.8 shows the spatial distribution on the last beam-pipe for 7 m long wigglers.
Table 5.8 presents the heat load on the absorbers because the absorber load is largely
1The enthalpy of gaseous helium is ∆H ≈ 60 Jg between 15K and 30K at 1 atm [176]; that is, for an
7m long wiggler, a gaseous helium flow of 4 g/s, roughly 2 liter/s, would be required.
Table 5.7.: Heat load on the last beam-pipe
in the straight section.
L, m # W Pt, W pav, W/m pmax, W/m
2 26 0.9 0.5 1.6
3 17 6.8 2.3 10.4
4 13 25.5 6.4 27.1
5 10 65.1 13.0 48.3
6 9 131.8 22.0 74.3
7 7 232.1 33.2 107.3
8 7 371.4 46.4 147.4
9 6 554.5 61.6 192.3
10 5 786.3 78.6 243.0
11 5 1073.7 97.6 305.2
12 4 1440.8 120.1 408.0
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Table 5.8.: Absorber load Ai from wiggler Wj in kW. A8 is a dump. Calculations are for
7 m long wigglers.
A1 A2 A3 A4 A5 A6 A7 A8
∑
W
W1 0.0 20.8 10.5 4.9 2.9 1.9 1.4 6.5 48.9
W2 0.0 0.0 20.8 10.5 4.9 2.9 1.9 7.9 48.9
W3 0.0 0.0 0.0 20.8 10.5 4.9 2.9 9.8 48.9
W4 0.0 0.0 0.0 0.0 20.8 10.5 4.9 12.7 48.9
W5 0.0 0.0 0.0 0.0 0.0 20.8 10.5 17.6 48.9
W6 0.0 0.0 0.0 0.0 0.0 0.0 20.8 28.1 48.9
W7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 48.9 48.9
W8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 48.9 48.9∑
A 0.0 20.8 31.3 36.3 39.1 41.1 42.4 180.4 391.5
unbalanced, the design effort needed is increased.
5.4. Operational heat load
This section describes all heat loads from the operation of the wiggler magnet, including
heat radiation, convection, and conduction in the cryostat of the wiggler magnet. An
advanced cooling concept is proposed for reliably cooling the beam-induced heat load.
5.4.1. Eddy currents
Eddy currents will occur during the ramping and a quench of the wiggler due to the
changing magnetic flux density. Our simulations showed that after a quench, the eddy
currents also remained small; therefore, the magnetic force on the wiggler and beam-pipe
was almost unaffected by the eddy currents as the force was proportional to B2.
However, for the test device in ANKA, the maximum ramping time is crucial because
during injection, the wiggler has to be shut off. Therefore, the test device will be built by
using laminated iron to minimize the eddy currents during the ramping.
5.4.2. Resistive joints
Resistive joints cannot be avoided. The horizontal racetrack wiggler magnets will have
around 75 joints per meter wiggler length. Cold welded Nb-Ti filaments joints lead to the
smallest resistances [20]:
P
L
< nRI2/L < 1mW/m. (5.5)
For Nb3Sn, we assume an average resistance for 5 cm long soldered joints of 4 nΩ or
electromagnetic pulse welded joints with similar resistance values. In the case of vertical
racetrack wiggler magnets, only the interconnections to the current leads have to be
jointed. This process yields 4 interconnections operated at 855A for an approximately
15mW heat load.
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5.4.3. Current leads
Gas cooled high-temperature superconducting current leads were proposed for each indi-
vidual wiggler system. These current leads are cooled by boiling helium. The cold gaseous
helium vapor is used to cool the high temperature superconductor, optimized for low-heat
conductivity, up to an intermediate stage of around 70-80K, where the high-temperature
superconductor is connected to a standard copper conductor, which is separately cooled.
The heat load at 4.2 K for this type of current lead is around 0.1W/kA, without current
by-pass protection. The heat load at 70-80K is around 45W/kA [52, 177, 178]. For the
Nb-Ti version, a maximum current of 800 A was anticipated. This current would result
in a heat load of 0.16W at 4.2K and 72W at around 70-80K.
5.4.4. Cooling concept and related heat loads
We proposed to develop a different cooling system than the standard superconducting
wiggler cooling system (Figure 1.8). Figure 5.9 compares the standard cooling concept
with the cooling concept for the CLIC damping wigglers proposed in the introduction
(Figure 1.8). For indirect cooling, the whole wiggler magnet is in an insulation vacuum.
The helium is contained in the heat exchangers. In bath cooling, the magnet is immersed
in liquid helium (LHe). To extract the heat, a copper liner cooled with gaseous helium
contained in heat exchangers is required (depicted in red). Further, a mechanically stable
pipe that can withstand the pressure increase during a quench (in black) is needed. This
pipe also insulates the beam vacuum from the surrounding liquid helium. Although
indirect cooling requires the detailed thermal design of the superconducting coils, it has
a number of advantages compared to bath cooling:
• Mechanically less demanding beam-pipe. Bath cooling would require a stainless
steel beam-pipe to sustain the pressure increase during a quench. Without this
requirement, a 2mm smaller gap can be realized. The result is a more than 10%
higher Bw.
• Less complex cryogenic structure because all helium is contained within the heat
exchangers. The result is a smaller helium mass, smaller valves, tubes, etc.
• Cryostat design for exchangeable coils and vacuum pipes for maintenance and repairs
is less complex.
An insulating vacuum of 10−4 Pa is established to minimize the heat transfer to the
superconducting coils by convection. The superconducting coils and the beam-pipe are
mounted with minimal thermal contact and with materials such as glass-fiber reinforced
plastics with a large strength-to-heat-conductivity ratio. All surfaces are wrapped with
polished high conductivity metal foils or aluminized Mylar foils with small emissivities to
reduce heat transfer by radiation.
The temperature of the beam-pipe is stabilized at around 20K, where the heat con-
ductivity k of copper is highest (Figure 5.10). The result is an iso-thermal beam-pipe.
Cryocoolers for this temperature level are available, and radiation to the superconducting
coils are kept to a minimum.
The heat load are deposited in the center of the cross-section of the 2m long beam-pipe
(Figure 5.3) and have to be transported over .50mm to the outer side of the beam-pipe.
The resulting temperature difference is smaller than ∆T < 1
2
Q˙l
kA
≈ 0.3K, with the heat
load Q˙ = 50W, the distance from the center of the beam-pipe to the heat exchanger
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Vacuum LHe
Figure 5.9.: Two cooling concepts. Left: Indirect cooling. The whole wiggler magnet is
in a vacuum. The helium is contained in the heat exchangers. Right: Bath cooling. The
magnet is immersed in liquid helium (LHe).
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Figure 5.10.: Heat conductivity of OFHC
copper over temperature. Data from [93].
l = 50mm, the averaged heat conductivity k = 2000W(mK)−1 (RRR = 80), and cross-
section A ≥ 2× 10−3m2.
An overview of heat leak calculation methods for cryostats is given in [148, 177, 179,
180, 181].
5.4.4.1. Radiation
On the surfaces of the superconducting coils and the beam-pipe thin, mechanically pol-
ished copper or silver foils can be glued. The radiative heat from the two parallel plates
can be calculated by:
Q˙rad = A1ǫrσ
(
T 41 − T 42
)
, (5.6)
where A1 = 1.8m
2 is the surface of the coldmass, ǫr is the total effective emissivity, σ is the
Stefan-Boltzmann constant, 5.67 ·10−8W/(m2K4), and T1 and T2 are the temperatures of
the two surfaces. ǫ1 for a polished silver foil can be found in the literature with ǫ1 = 0.004
at 4K, and ǫ2 < 0.01 at 20K. Therefore, for the effective emissivity,
ǫr <
ǫ1ǫ2
ǫ2 +
A1
A2
(1− ǫ2) ǫ1
= 0.003, (5.7)
were A2 = 2.5m
2 is the area of the beam-pipe. This equation shows that the heat load
from the radiation to the superconducting coils is negligible (50µW).
The heat leak due to radiation between the 290K and the 80K shield was measured
for a 60-layer super-insulation in a 25mm vacuum gap, with Q˙rad = 2.5W/m
2 [177]. The
total heat leak due to radiation is therefore around 16.3W at 80K.
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5.4.4.2. Convection
At low pressure, the molecular conduction regime prevails. In this regime, heat transfer
is proportional to the residual gas pressure P :
Q˙con = A1ηP (T2 − T1) , (5.8)
where η is gas- and temperature-dependent. For heat convection with residual helium
between the magnet and the beam-pipe (4K and 20K), η = 1.27W/(m2PaK) [177].
Therefore, Q˙res/A = 2mW/m
2, for an area of approximately 0.2m2 a heat load of 4mW
results.
Appropriate multilayer insulation (10 layers) reduces the total heat load from radiation
and convection below 1mPa to Q˙ = 1.76m2 · 0.05W/m2 = 0.09W [180]. The heat load
from convection from the 290 K to the 80 K thermal shield is smaller than 1 W, with
ηair = 1.1.
5.4.4.3. Conduction
Solid conduction cannot be avoided because both mechanical supports and current leads
(subsection 5.4.3) are needed. Six hollow tube feet for aligning and fixing the coldmass
thermally intercepted at the 80 K shield were proposed. Using the Euler buckling equa-
tions and solid conduction equations [182] yields
Q˙con = 4
√
FB
πE
1− a2√
1− a4
∫ T1
T0
k(T )dT, (5.9)
where FB is the Euler buckling force, E the Young’s modulus, and a relates the outer
diameter D of the tube and the inner diameter d with d = aD. For this calculation, it
was assumed that the wall thickness was large, that is, not
(
1−a
1+a
)2 ≪ 1, and a ≈ 0.2 was
suggested. The integrated heat conductivity is
∫ 80
4.2
k(T )dT = 18W/m and
∫ 290
80
k(T )dT =
153W/m for glass-fiber reinforced plastics [180]. The heat conduction is independent from
the length l of the feet, and is 102mW from the 80K shield to 4.2K, and 852mW from
293K to 80K.
The outer diameter of the feet can be calculated by
D = 4 4
√
FB
π3E
1
1− a4 l
2. (5.10)
The heat load from the beam-pipe to the superconducting coils is determined by the
space-holders. Sixteen space-holders with an area of 5× 5mm2 and a thickness of 1.5mm
connected between the beam-pipe and the superconducting coils result in a heat load of
Q˙ = 16 · 2W/m5×5mm2
1.5mm
≈ 533mW.
5.5. Summary of heat loads
Table 5.9 gives a summary of all heat load sources occurring in the CLIC damping wigglers
at the different temperature levels. The next section describes how these heat loads can
be cooled.
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Table 5.9.: Summary of the average heat loads (all sources) at the different temperature
levels in Watts.
Shield Beam-pipe SC coils
80K 20K 4.2K
Synchrotron radiation (HA) 40.0
Synchrotron radiation (VA) 2.0
Average SR 21.0
Image currents 2.0
E-Clouds 0.02
Radiation 16.3 0
Convection 1.0 0.10
Conduction 0.9 0.64
Joints - 0
Current leads 72.0 0.16
Total (Average) 90.2 23.02 0.9
5.6. Large scale cooling concept and power consumption
A total of 104 wiggler systems was needed for the two CLIC damping rings. Two cooling
schemes were investigated: (1) a large scale cryogenic system connected to all wiggler
magnets with cryogenic transfer lines and (2) a system with a wiggler magnet indepen-
dently cooled with small cryocoolers. In recent years, the performance and reliability of
cryocoolers has significantly increased, and their cost has dramatically decreased.
The efficiency of large cryogenic plants can be calculated according to the Carnot effi-
ciency [176] and with efficiency data of large-scale cryogenic plants taken from [183]. These
data are in good agreement with more recent CERN experience (for example, [184]):
P [320K] ≈
320
T
− 1
35.7 · C0.05 − 33.9C, (5.11)
where C = [10, 106]W is the capacity of the cryoplant, and T = [4.2, 90]K the operating
temperature of the cryoplant. Table 5.10 presents the expected power consumption with
the proposed cooling concept of the two rings. Losses in the transfer-line can be kept small
for a well-shielded line 0.05 W/m [185]. In this calculation, the losses of the distribution
system were included by adding 20% to the total required heat budget.
In the case of cryocoolers, it is sufficient to use three different cryocoolers with a total
input power of around 24 kW.2 This practice yields to a total power consumption of
around 2.5MW for the two damping rings.
Large-scale cryogenic plants are favorable in terms of energy consumption, and consume
around 5 times less electrical energy than small cryocoolers.
2Three cryocooler are used: (1) Cryomech Al325 cryomech.com, (2) SHI cryogenic groups CH-210 and
(3) RDK-415D www.shicryogenics.com
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Table 5.10.: Power consumption of the cryogenic plants at the different temperature levels.
The total power consumption is around 450 kW.
Temperature Level, K 80 20 4.2
Total heat load, kW 11.3 2.9 0.113
Carnot Efficiency, % 33.3 6.7 1.3
Cryoplant Efficiency, % 23.0 19.3 11.3
Total Power Consumption, kW 147.5 224.3 76.9

6. Conclusion
A method for the construction and operation of advanced superconducting wiggler mag-
nets for ultra-low beam emittance rings was presented. The three main achievements are
the following:
• Optimal parameters for the superconducting wiggler magnets for an ultra-low beam
emittance ring were defined.
• Designs for two different concepts of advanced superconducting wiggler magnets
wound either with Nb-Ti or Nb3Sn strand were derived and evaluated. The main
technical challenges were identified and solved. Two trial coils and one short wiggler
magnet were built and tested. Superconducting Nb3Sn damping wiggler magnets
can generate around 50% more magnetic flux density than wiggler magnets wound
with the current standard superconductor (Nb-Ti) and were, to the knowledge of the
author, for the given parameter space, built for the first time for this thesis. At the
proposed operating point, Nb3Sn wiggler magnets have a two times larger critical
temperature than wiggler magnets wound with the current standard superconductor
(Nb-Ti).
• A complete-method for the installation of the superconducting wiggler magnets
in the ultra-low beam-emittance ring was derived, including the calculation of all
known heat load sources. An advanced cooling concept was proposed and conceptu-
ally derived. It was shown in this thesis that traditional cooling is excluded because
of the expected high heat load at temperatures close to the absolute zero. Further,
the influence of mechanical tolerances was studied. As a result of this study, the
mechanical tolerances could be relaxed. The technical concept will be tested at the
ANKA storage ring in Karlsruhe.
All aspects of the manufacturing and operation of superconducting Nb-Ti and Nb3Sn
wiggler magnets could not be treated in this thesis. Some had to be disregarded because
they exceed the scope of a thesis in mechanical engineering, others because of limited
funding. Therefore, future work should address the following aspects:
• A short model test showed the feasibility of Nb3Sn wiggler magnets. The wiggler
structure is periodic; therefore, in larger magnets, the stress and strain will be similar
to those in the short model wiggler tested in this thesis. However, the modularity
has to be proven in order to be able to easily enlarge the overall length of the
magnet. At least two end- and one-middle modules should be built, assembled, and
tested. Also, the insulation has to be improved in the turn-around area in vertical
racetrack wiggler magnets to enhance their long-term reliability.
• A short horizontal racetrack model wiggler should be built. To reduce the number
of operations on the coils after the heat treatment, it is recommended that around
5 coils be connected to their adjacent coils before the heat treatment by using the
electro-magnetic pulse welding technique. This technique achieves interconnections
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with small resistances. Then, after heat treatment, this module can be impregnated,
and no further operations will be required. Therefore, the risk of failure will be
reduced.
• In this research, techniques were applied to electrically interconnect Nb3Sn strands.
To test the reliablity of these techniques, a large number of innerconnections should
be tested to provide enough statistics to determine if 15000 joints can be reliably
operated over 25-35 years without a single failure.
• Magnetic measurements of the short models beyond static Hall probes measurements
at the poles should be performed to study the field quality of wiggler magnets
manufactured by using Nb3Sn strands.
• The minimum quench energy of different Nb3Sn strands potted with epoxies filled
with different rare earth oxysulfides should be investigated. Depending on the out-
come, a short model should be built and impregnated with filled epoxies and tested.
In parallel, the development of Nb3Sn strands containing rare earth oxysulfides
should be started in order to potentially increase the stability of Nb3Sn strands.
Short period superconducting wiggler magnets have maximum fields of around 6
to 10T for period lengths up to 80mm. The strand requirements are different for
other applications, which are usally optimized for operation around at 12T.
• A study with short models using different Nb3Sn strands should be performed. Es-
pecially strands manufactured by using the powder-in-tube route should be inves-
tigated. More stable strands, with smaller filaments, should be selected to prevent
the instability area from sometimes causing pre-mature quenches.
• A Nb-Ti CLIC damping wiggler magnet prototype has to be built and tested in
an accelerator to show the feasibility and long-term reliability of such a device,
including the magnet operability, and the reliability of the cooling and vacuum
systems. Such a study will be the first time that conduction cooling is applied to
wiggler magnets.
• A full-scale horizontal or vertical Nb3Sn racetrack wiggler should be manufactured
and tested in a storage ring to demonstrate the long-term reliablity of brittle A15
compounds in wiggler magnets. Two examples of the lifetime of colliders are the
Tevatron at Fermilab, which was switched off after 25 years of operation, and the
SPS at CERN, which was comissioned in 1976 and is still in operation. Nb-Ti mag-
nets have been found, for example at Tevatron, to be operable over this time span
with limited problems. However, the information about Nb3Sn magnets is limited.
The trial coils in this thesis did not show any degredation after approximatley 30
quenches and 2 thermal cycles. A superconducting wiggler will be very likely sub-
ject to several thermal cycles, quenches, and rampings over its 25-35 years of use.
Therefore, the design of the final CLIC damping wiggler should envisage the possi-
bility of repairs. The cryostat should not be welded but easily accessible, and the
wiggler coils should not be manufactured as one piece but should be modular. This
manufacturing method will allow for the replacement of broken modules.
• Two contradictory requirements were formulated to mitigate the e-cloud in the
positron ring and to reduce the heat load from image currents. A surface coating
has to be found which allows, the mitigation of both the image currents and the
e-cloud.
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• Studies on beam-dynamics have to be carried out with the proposed prototype at
ANKA. The effect of the wigglers on the closed orbit and tunes due to their field in-
tegrals and dynamic multipoles has to be investigated and compared to predictions
calculated by using hall-probe and stretched-wire measurement results. Finally,
the damping effect of the superconducting wiggler on the emittance of the ANKA
storage ring should be measured. In this thesis, only first-order field erorrs were re-
searched in detail. The higher-order multipoles (quadrupoles, octupoles, etc) should
also be studied.

A. Drawings of horizontal trial coil
Horizontal racetrack trial coil: Assembly [186].
108 A. Drawings of horizontal trial coil
Horizontal racetrack trial coil: Iron pole, material: ARMCO [186].
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Horizontal racetrack trial coil: insulation plate 1, material: MACOR (top), insulation
plate 2, material: MACOR (middle), and connection plate, material: copper (bottom)
[186].

B. Drawings of short model wiggler
Short model: Assembly drawing [186]
112 B. Drawings of short model wiggler
Short model: End-poles [186].
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Short model: Central posts [186].
114 B. Drawings of short model wiggler
Short model: Poles [186].
C. Calculation methods for synchrotron
radiation heat load
C.1. Calculation method for heat load on beam-pipe
The radiation power emitted by an electron moving on a sinusoidal trajectory is [187, 188]
dP
dΩ
=
d2P
dθdψ
= 3
γ2
π2
PTfK(γθ, γψ), (C.1)
where θ and ψ are the observation angles in the horizontal and vertical directions (Figure
5.2), and PT is the total power integrated over all angles and frequencies:
{PT}kW ≈ 0.633{E}2GeV{Bw}2T{L}m{I}A, (C.2)
where L is the total length of the wiggler, and I is the average current of the beam. The
total dissipated power from one Nb-Ti wiggler magnet will be 14 kW.
Table C.1 describes the nomenclature used in the following derivation. The angular
dependence is given by
fK(γθ, γψ) =
∫ pi
−pi
sin2 α
(
1
D3
− 4 (γθ −K cosα)
2
D5
)
dα, (C.3)
where D = 1 + (γψ)2 + (γθ −K cosα)2, and the deflection parameter K is given by
K = 0.934{λw}cm{Bw}T ≈ 15.7. (C.4)
Table C.1.: Nomenclature for synchrotron radiation calculation.
Symbol Description
a, b 1/2 of beam-pipe’s x and y dimension
d Distance
de, dz Element size in xy and xz-plane
k, l Sequence number of wiggler and absorber
n, m Number of elements in xy and xz-plane
p Number of downstream wigglers
rl, sl 1/2 of l-th absorber’s x and y dimension
Xi,j , Yi,j , Zi,j,k Node’s coordinates
θ, ψ Angle between ray and xz and yz-plane
θmaxk , ψ
max
k Max angle of k’s ray irradiating beam-pipe
θmaxk,l , ψ
max
k,l Max angle of k’s ray irradiating l
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Figure C.1.: Beam-pipe ellipse.
Equation (C.1) cannot be integrated analytically, so a numerical method was developed
to calculate the heat load on the beam-pipe.
Figure C.1 shows the cross-section of the elliptic beam-pipe with the axes a and b. The
ellipse is divided into a mesh of 4n equidistant segments with a length of de =
C
4n
(C
is the circumference of the ellipse). In the example shown in Figure C.1, n is 5. The
corresponding parameter ti is calculated by using the complete elliptic integral of the
second kind (in Figure C.1, φ3 = arctan
(
b
a
tan t3
)
is shown as an example):
de =
b
i
∫ ti
0
√
1 +
a2 − b2
b2
sin2 τ dτ, (C.5)
with i = [1, n − 1], t0 = 0, and tn = pi2 . The mesh size in the longitudinal direction is
dz =
L
m
, n times m is the number of elements.
The nodes of the mesh are now given for all i = [0, n] and j = [0,m] by
Xi,jYi,j
Zi,j,k

 =

 a cos tib sin ti
dk + j
L
m

 , (C.6)
where dk is the distance between the wiggler k from the first node in the beam-pipe under
investigation (Figure 5.2).
The corresponding integration angles for calculating of the spatial synchrotron radiation
with Equation (C.1) are given by
θi,j,k = arctan
Xi,j
Zi,j,k
. (C.7)
ψi,j,k = arctan
Yi,j
Zi,j,k
=
b
√
1− X
2
i,j
a2
Zi,j,k
. (C.8)
To determine if one of the up-stream wiggler’s synchrotron radiation can hit the node
of the beam-pipe given with θi,j,k and ψi,j,k, one has to calculate
θk,l = arctan
rl
dk,l
(C.9)
ψk,l = arctan
sl
dk,l
, (C.10)
where rl and sl are the horizontal and vertical aperture of the absorber l and dk,l is the
distance of the wiggler k to the end of the absorber l. After completing these calculations
for all elements and choosing the smallest angle, one finds the integration limit for each
wiggler k: θmaxk = mino=[k,dmax] θk,o and ψ
max
k = mino=[k,dmax] ψk,o, where o = [k, dmax]
denotes the first absorber after the wiggler k until the last absorber lmax before the beam-
pipe.
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Table C.2.: Integration boundaries for Equation (C.1) for heat load calculation of ab-
sorbers
θk,l < θ
max
k,l ∧ ψk,l < ψmaxk,l
∫ θmaxk,l
θk,l
∫ ψk,l
0
d2Pdθdψ
+
∫ θmaxk,l
0
∫ ψmaxk,l
ψk,l
d2Pdθdψ
θk,l < θ
max
k,l ∧ ψk,l ≥ ψmaxk,l
∫ θmaxk,l
θk,l
∫ ψmaxk,l
0
d2Pdθdψ
θk,l ≥ θmaxk,l ∧ ψk,l < ψmaxk,l
∫ θmaxk,l
0
∫ ψmaxk,l
ψk,l
d2Pdθdψ
θk,l ≥ θmaxk,l ∧ ψk,l ≥ ψmaxk,l 0
The synchrotron radiation can irradiate the beam-pipe only, if
(θi,j,k < θ
max
k ) ∧ (ψi,j,k < ψmaxk ) , (C.11)
because the absorbers are rectangular and the smallest elements. Considering the fourfold
symmetry, it is sufficient to calculate the heat load in the first quadrant.
It is convenient to plot the heat load in W/mm2. Therefore, one has to transform
(θ, ψ) 7→ (x, z) by using the Jacobian determinate:
Ji,j,k (θi,j,k, ψi,j,k) =
∣∣∣∣∣∣
1√
1− X
2
i,j
a2
(C.12)
× a
2bZi,j,k(
X2i,j + Z
2
i,j,k
) (−b2X2i,j + a2 (b2 + Z2i,j,k))
∣∣∣∣∣ .
The irradiance Ii,j =
∑p
k=1 Ji,j,kIi,j,k for every node can be calculated (unit: 1W/mm
2),
where p is the number of downstream wigglers. The power of an element can then be
averaged by Pi,j =
1
4
A(Ii,j+Ii+1,j+Ii,j+1+Ii+1,j+1), where the surface area of each element
is A = dedz. The total power from the synchrotron radiation irradiated on the beam-pipe
is P =
∑n−1
i=0
∑m−1
j=0 Pi,j .
C.1.1. Calculation method for heat load on absorbers
The heat load on each quadrant of the absorber l irradiated by each wiggler k can be
calculated by using the triple numerical integration of Equation (C.1) in the integration
boundaries presented in Table C.2. The positive boundaries θk,l and ψk,l (Figure C.2) for
the calculation of the positive quadrant are given by
θk,l = arctan
rl
dk,l
, (C.13)
ψk,l = arctan
sl
dk,l
, (C.14)
where dk,l is the distance between the wiggler k and the absorber l. The parameters rl
and sl are the horizontal and vertical apertures of the absorber l.
The maximum angles θmaxk,l and ψ
max
k,l at which the synchrotron radiation from wiggler
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Figure C.2.: Example of an absorber scheme. Left: Heat load from each wiggler magnet k
(here k = 1) on each absorber l (here l = 1, 2, 3, 4). The heat load from additional wiggler
magnets can be superimposed. Right: Absorber.
k hits the absorber l is
θmaxk,l = min
i=[k,l−1]
θk,i with θk,k =
π
2
, (C.15)
ψmaxk,l = min
i=[k,l−1]
ψk,i with ψk,k =
π
2
. (C.16)
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Nomenclature
.
Symbol Unit Description
Vectors and Matrices
A Tm Magnetic vector potential
B T Magnetic flux density
Γ Boundary conditions
H Am−1 Field intensity
J Am−2 Current density
M Am−1 Magnetization
r m Position vector of the field point
r′ m Position vector of the source point
Majuscules
B T Magnetic flux density
Bs T Maximum magnetic flux density on conductor
Bp T Magnetic flux density at the wiggler magnet’s pole tip
Bw T Mid-plane amplitude magnetic flux density of wiggler magnet
C m Ring circumference
E J Energy
F N Force
Fw Ratio of wiggler damping to bend damping
H Am−1 Field intensity
I A Current
I2 m
−1 Synchrotron radiation integral (damping)
I5 m
−1 Synchrotron radiation integral (quantum excitation)
Jeng Amm
−2 Current density averaged over the wire bundle
K Wiggler’s deflection parameter
L H Inductance
Lw m Wiggler length
M H Mutual inductance
P W Power
R Ω Resistance
Rm Pa Tensile strength
T K Temperature
Tc K Critical temperature
Top K Operating temperature
U V Voltage
Xi,j , Yi,j ,
Zi,j,k
m Node’s coordinate
Minuscules
a m 1/2 of beam-pipe’s x dimension
b m 1/2 of beam-pipe’s y dimension
cv Jm
−3K−1 Volumetric heat capacity
d m Diameter
de, dz m Element size in xy and xz-plane
g m Distance between two wiggler pole tips (called gap)
Continued on next page
126 Nomenclature
Nomenclature – continued from previous page
Symbol Unit Description
k Number of harmonic
k Wm−1K−1 Heat conductivity
k0 Fundamental wave number
l m Length
r Ωm Normalized resistance of lap joints
yc mm Height of wire bundle cross-section
zc mm Width of wire bundle cross-section
Greek Minuscules
α, β, γ -, m,m−1 Twiss parameters
γ Relative energy
γǫ nm rad Normalized emittance
ǫ % Strain
η m Dispersion function
θ rad Angle between ray and xz-plane
κ mm−2 Filling factor
λw mm Wiggler’s period length
λ nm Light wavelength
µ Hm−1 Permeability
µ0 Hm
−1 Free-space permeability
µr Hm
−1 Relative permeability
ρ m Radius of curvature
τ s Damping time
ψ A Magnetic scalar potential
ψ rad Angle between yz-plane
Integrals
A m2 Integral over area
C m Integral over closed ring
V m3 Integral over volume
Glossary
This glossary is adapted mainly from [31].
Beam emittance The beam emittance is a measure of the volume a particle beam
occupies in phase space.
Copper-to-superconductor ratio Volumetric ratio of the copper stabilizer to the super-
conductor in the strand made of composite material like Nb-Ti or Nb3Sn.
Critical surface Graph of the function Jc (B, T, ǫ), where Jc is the critical current den-
sity, B is the modulus of the magnetic flux density, T is the operation temperature, and
ǫ is the strain.
EMPT Electro Magnetic Pulse Technology. A welding technique based on the Lorentz
force. Used to deform a conductive workpiece and cold weld it onto an inactive second
workpiece. The process is similar to explosion welding.
Filament Fine wires of bulk superconducting material with typical thickness in the range
of a few microns. The superconducting filaments are embedded in the resistive matrix in
a strand.
IBS Intrabeam scattering is a small angle multiple Coulomb scattering effect causing
the beam emittance to grow.
Luminosity The number of events per unit area and time, multiplied by the opacity of
the target. Integrated luminosity refers to the luminosity integrated over time.
Mechanical aperture Minimum aperture of the storage ring, normally expressed in
multiples of the root-mean-square beam size.
N-value of a superconductor Exponent obtained in a specific range of electric field or
resistivity when the voltage/current curve is approximated by U = In.
Quench Irreversible transition from the superconducting- to the normal-conducting
state.
Racetrack coil or ring Coil or ring resembling the Indianapolis Motor Speedway (USA)
but without the banking in the turns. The coil or the ring has two straight sections with
two turns.
128 Glossary
Resistive matrix One of the two main constituents of the strand, embedding the fila-
ments and providing a low-resistance current shunt in the event of a quench.
RRR Residual resistivity ratio: The ratio of the electrical resistivity of non-superconducting
material at 273K to that at 4.2K.
Strand Composite wire containing a large number of superconducting filaments dis-
persed in a matrix with suitably small electrical resistivity properties.
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